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Abstract

This paper is a user’s guide to the current version of therBL5 Monte Carlo code. MRS allows
inclusive and, in many cases, exclusive simulations oftlaienensional hadronic and electromagnetic cas-
cades and modeling of heavy ion, muon and low energy neyinoien transport in accelerator, detector,
spacecraft and shielding components. Particles can hamgiea from a fraction of an electronvolt up
to about 100 TeV. The code has undergone substantial impreEvis since the last documented version
MARS13(95) and since previous releasesMRrs15; all these as well as other specific features of the
MARS code system are explained in detail. Descriptions of gémgpat and output with commentary and
recommendations are given. Examples are given for runtiagotogram with distributed sources, com-
plex compounds, arbitrary geometries, and magnetic fieddbuilt-in graphical-user interface allows the
visualization and detailed analysis of the geometry dpsori. Enhanced options are described for the
MARS code being coupled with: thePMJET hadron event generator, tivecNP code for low-energy neu-
tron transport, theansys system for thermal and stress analysis, physics analydigiaphics packages,
theMAD accelerator lattice description via a universalD -MARS beam line builder, the TRUCT program
for tracking particles in accelerator lattices with beassloecording, the BTRA code for nuclide decay and
transmutation calculations, tieess5 code for precise modeling of low-energy electromagndtionvers, and
the ROOT system for description and visualization of arbitrary getmes. Use of the code in a multistage
mode, coupled with event generator{1JET), with the STRUCT program for tracking particles in accel-
erator lattices with beam loss recording, and with physiedyessis and graphics packages is demonstrated
with typical input and output examples.
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1 Introduction

The MARS code system is a set of Monte Carlo programs which simul&eé#ssage of particles through
matter. All manner of particle interactions for hadrongtdms, photons and heavy ions are present. In-
teraction and production cross-section modeling has beeelabed to match data, wherever such data is
available, over a wide range of energies. Three-dimenkioadronic and electromagnetic cascades are
modeled, as is the transport of particles, including heamg,ithrough matter. The simulated particles are
tracked through a user described geometry. The users ggometiel can be very simple to very complex,
incorporating compound materials of any shape and arpitreagnetic and electric fields. Mks tabulates
the particles which pass through various portions of thargery, and produces results on particle fluxes,
spectra, energy deposition, material activation, DPA, riadhy other quantities. The results are presented
in tables, histograms, and other specialized formatsrMallows the user extensive control over the simu-
lated physics processes, over the tabulation criteriapaadruntime optimizations, via a variety of options
and switches implemented from an input file and via custobiézaser subroutines.

The basic model for the originalARS program introduced in 1974 [18,119], came from Feynman'’s
ideas concerning an inclusive approach to multiparticketions [20] and from the use of certain weighting
techniques. At each interaction vertex, a particle castadeis constructed using only a fixed number of
representative particles (the precise number and typendepgon the specifics of the interaction), and each
particle carries a statistical weight which is equal, inghmaplest case, to the partial mean multiplicity of the
particular event. Energy and momentum are conseovdtie averagever a number of collisions. A similar
scheme is the basis of the programsim introduced in 1975121, 22]. Other codes have also adopied th
approach: thecssimulation of high energy electromagnetic showkr$ [23}, leedronic showers simulated
by theFLUKA program [24].

The details of this inclusive scheme are described in skxefierences([25, 26, 27, 28]. The practical
reasons for using this approach are:

e the CPU time per incident particle grows logarithmicallytiwincident energy, compared to the linear
increase in CPU time when performing a full exclusive sirtiata This allows for easier simulation
of multi-TeV patrticle cascades;

e in many applications one considers effects due to the samedius interactions of a huge number
of particles, so to describe the cascades it is sufficienbtaiw the first moment of the distribution
function using the inclusive cross-sections, in the samermaaas with Boltzman’s equation;

e experimental data on inclusive interaction spectra areemeadily available than for exclusive ones;

e the use of statistical adjustments to the assigned weidlbtgsafor the enhanced production of se-
lected particles within a phase-space region of interege@ally for rarely produced particles.

The main disadvantage of this approach is the impossillitgirectly studying a single interaction,
or examining fluctuations from cascade to cascade, or ofystggoroduction correlations. Such studies
require the simulation of the full, exclusive, interactid®o,MARS offers the alternative of using exclusive,
also called analogous, simulations of hadronic and elewignetic cascades, but using these alternatives
will result in greatly increased CPU-time per generatedheve

TheMARS code has been developed over the past 3 decades, and is nely usdd in the high-energy
physics, accelerator, and radiation shielding commuitiéhe code is under continuous development and
benchmarked against new data as it becomes available, mbaimethe simulation’s reliability and predictive
power. The mathematical foundation and the physical mofitleMARS system, and benchmarks from
numerous past applications, are described in many refesg@6/ 28| 2, 30, 31]. Besides the original code
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version [19], the milestones in code development sirerRs3 [32], MARS4 [33], MARSE [34], MARSS [35],
MARS9 [36], MARS10 [37,38],MARS12 [31[39],MARS9I3 [40], the hydrodynamicalARS/MESA/SPHINX
packagell4ll] and a version for parallel processingrs12 [42].

The purpose of this document is to be a user’s guide for thetmARs, Version 15(2014). Portions of
the previous manual are carried over, with updated sectlessribing the main improvements and options.
Section 2 gives an overview of the inclusive method and thesipk models implemented mARS. The
main updates from the past few years in the physics modekllsoalescribed in several referended [43, 44,
44,146 47|"48,49]. Sectidn 3 outlines the basics of how a gégnis described, along with an overview of
how MARS tracks particles, and then tabulates and presents theatiorutesults.

Further details on using the program are contained in suiesg@ections. Secti@h 4 describes the syntax
of the MARSs input filesMARS. | NP andGEOM | NP, and how these are used to control physics processes
and describe simpler geometries. The User Subroutindigedtito describe more complex geometries
and create custom output, are covered in Sedfion 5. Sdclaxdlains how to use the Graphical User
Interface, a visual tool to examine a geometry and to dispdsylts. Sectioh10 describes the input and
output histogram files. Sectidnl11 describes the output fiteduced bymARs, with details of the tables
and values in the default output files, and the contents afwsispecial output files. Other Sections describe
special running modes.

Recent updates include extended histogram capabilitiesg tpuilt-in materials, corrected handling of
longer-lived hadrons, and improved computational perforoe. In addition to direct energy deposition
calculations, a new set of fluence-to-dose conversionradéto all particles, including neutrinos, has been
built into the code.MARS uses portions of thecNpP4c code for default neutron transport below 14 MeV,
and has the ability to fully utilize theicNP code where more detailed simulation of low-energy neutisns
needed. Th&ARsS system also includes links to theisys code for thermal and stress analyses and to the
STRUCT code [50] for multi-turn particle tracking in large syncitnams and collider rings.

The code is available for the Unix and Linux operating systeand is distributed by the developers from
Fermilab. Sectioh-3.11 gives instructions on obtainingcthae, and basics on building an executable. For re-
cent publications on the curremiRS15 version see the official MNRs Web site at http://www-ap.fnal.gov/IMARS/.


http://www-ap.fnal.gov/MARS/

2 Physics Models

MARS simulates a variety of processes, taking into account @téctions of hadrons, leptons, photons and
heavy ions during their passage through matter. The modsleryy range is large: up to 100 TeV for all
particles, and down to 100 keV for muons, charged hadronsheady ions, down to 1 keV for electrons
and photons, and to 0.00215 eV for neutrons. All procesdesdinced in older versions of the code and
described in prior versions of this manual are, for the mast, (still present. Processes updated for the
current version include: a new nuclear cross section §p@amodel for soft pion production, a cascade-
exciton model, a quark-gluon string model, a dual parton ehodeuteron-nucleus and neutrino-nucleus
interaction models, a detailed description of negativertra@nd muon absorption, and a unified treatment
of muon, charged hadron and heavy ion electromagneticaictiens with matter.

This Section summarizes the simulated physics interagtiand gives brief descriptions of the Monte
Carlo techniques and the modeling algorithms used to im@itniem. References to sources and to more
detailed descriptions are given for the interested reafliémalgorithms are benchmarked against available
experimental data, and some of these comparisons are staven h

Physics interactions are classified into two types - discaet continuous. A discrete interaction would
be when a particle collides with a nucleus - a variety of teiogn happen at this particular vertex, as given by
cross-section probabilities. A continuous interactiorulsidoe Coulomb scattering - the particle experiences
the effect everywhere along it's path through a materialgdneral MARS first examines the likelihood of
a discrete interaction occurring, and then applies coatistinteractions to the list of surviving or newly
produced particles.

The methods for modeling most continuous interactiong Gloulomb scattering or a magnetic field,
are fairly standard, and their discussion below is brief.nt@fe interest to users of a simulation program
like MARS is how the discrete interactions are handled, and how welstimulation compares to data. The
basicinclusivemodeling method used for most discrete interactions idlpriiscussed here. Sub-sections
fill in the details - sources of algorithms and applicablergpeanges for specific interaction types.

Theinclusiveapproach to discrete interactions, also cabebedinteraction method, is theARS de-
fault. Exclusiveproduction models, also callemhalogousor unbiased are also available iMARS. In
certain situationsMARS applies an exclusive approach by default, as that is the melgns to accurately
reproduce data; such cases are noted where applicablephykiEs model descriptions. But in most cases,
the use of exclusive interactionsMaRS must be explicitly activated by the user. For example, $afiZ1
describes how to use the DPMJET generator in a stand-alode.riitne user can also set parameters to gen-
erate exclusive EM interactions, but continue using thawéefnclusive method for hadronic interactions,
or visa-versa; these parameters are controlled by the gnds8l AS, | CEMand PHOT and discussed in
Sectior#.

The list of particle types employed bwARS is given in TabléR, located in Sectibn13.2.

2.1 Basic Monte Carlo Method

As stated in the Introduction, Feynman'’s inclusive appno2€l] is used for multiparticle reactions. At an
interaction vertex, a particle cascade tree is construgsguy a fixed number of representative particles,
and each particle carries a statistical weight which is kguahe simplest case, to the partial mean multi-
plicity for the particular interaction. Energy and momentare conservedn the averagever a number
of collisions, but not precisely conserved at any singlégexer An example of this simplest case is shown
in Figure[1 for an electromagnetic shower, showing a diagom full shower, the exclusive approach,
compared to the inclusively modeled version. While the @sigke picture looks more satisfying as an event,
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Figure 1: The left diagram is a full EM shower, Figure 2: Anh A vertex as modeled by theaRrs -
each particle with a weight1. The right diagram 5 particles exit the vertex, representing the labeled
is the inclusive equivalent, with a single represen-  patrticle classes.

tative particle exiting each vertex, with the given

weight.

the inclusive approach has real advantages for a simulatfmare are fewer particles to handle. Over many
events, the results from the inclusive approach for the quéntities of interest, such as particle flux, energy
deposition, etc., match data quite well.

A hadronic shower can be represented the same way in thesivelapproach, with a single particle,
usually a pion, occasionally something else, exiting theewewith an appropriate weight. But over time,
simulation software developers found that more accuraeltsewere obtained when a certain number of
particle classes were included on every vertex. HaRS, a hadron-nucleus vertex is modeled by the
inclusive method as shown in Figdrke 2. Five particle classesalways represented: the leading particle,
shower hadrons, electromagnetic products, evaporatiodupts from the nucleus, and the nucleon. The
precise particle properties for each of these classes iclgatypes, weights X g, p;, etc. - are given by
a variety of cross-section and production models discusssedb-sections below. Which models are used
depends upon the incoming particle type and it's energy. ifitegaction type, and the circumstances for
use, are given for each model.

There are a couple of important statistical techniques wisemg the inclusive approach, having to do
with the weights applied to representative particles. Thtstical accuracy of the results of the simulation
- for example the error on the particle flux through a certartipn of the geometry - depends upon the
weights assigned to all the simulated particles which weieked through that portion of the geometry. For
very large and very small weights, the divergence of thesgsebecomes a problem. The solution within
MARS is to employ aweight window particles with weights within the window are left as is, Ipatrticles
with weights above and below the window have special hagdpplied.

For particles with a weight above the weight window valsface splittings applied. At an arbitrary
surface some distance from the actual interaction vertgenarated particle with weight is split inton
particles each with a new weight”’ = %W. For example, an initiakr with W = 12 would be split into
four 7’s each withiW’ = 3. The splitting increases the number of tracked particlestherefore increases
the simulation cpu-time, but the results are statisticallyre stable. For specialized studies, the user can
control the location of splitting surfaces and the partaergy at which they are applied - see Sediion¥.2.6.

Surface splitting is sometimes applied even for particléhinthe weight window, in order to accumu-
late statistics in specific regions of interest. This is ddoeexample, in simulations of thick shielding.

For rarely produced particles, those with a small weightlwehe weight window, the method Bfussian
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Rouletteis applied. When such a patrticle is generated, it is simpiypped most of the time, but once in a
while it is kept, and it's weight is adjusted upward to comgee. For example, g@impacts a target, and
the cross-section probability for producingpas, say,~10~1%. Instead of keeping a particle with such a
small weight, it is simply dropped 99 of the time. In 2% of the events which produce it, however, fhis
kept, and given a larger weight to make up for all the eventshich it was generated, but dropped. This
method gives more statistically stable contributions ®gtmmulation results from rarely produced particle
types. For cases where the user is interested in interactibich involve rarely produced particles, their
generation and interactions can be forced - see Sdciigh 4.2.

2.2 Nuclear Cross Sections

There are several models used for these discrete intemactiepending on the type of incoming particle,
and the energy range of the incoming patrticle.

2.2.1 Hadron-nucleon cross sections.

Updates now cover elastic and inelastigy interactions for hadrons with kinetic energies from 1 MeV to
100 TeV. Total cross sections,,, for p, n, 7™ and=—,with energies from 1 MeV to 10 GeV, are calculated
by the Cascade-Exciton Model (CEM)_|51] algorithm1[52] udsdthe code package CEM9B_]53]. This
package has recently been updated. Cross-sectiodsfoi — andp are derived from PDG data compila-
tions [54], and PDG parameterizations are used for allgdagiwith energies between 10 GeV and 100 TeV.
Elastic cross sections,;, for p, n, 7+ andz~ from 10 MeV to 10 GeV, are calculated from CEM algoritms,
while elastic cross sections féf+, K~ andp are interpolated from data by PDG[54]. Parameterizations
from PDG are used for elastic cross-sections for all thesticles with energies between 10 and 200 GeV.
For all particle types with energies between 200 GeV and 16 fhe optical theorem with ‘universal
slope’ [55] is applied. As a sample comparison between dadavars, Figure[3 shows comparisons for
oot ando,; for 7~ —p collisions.

2.2.2 Add on heavy-ion cross sections here!!!
2.2.3 Hadron-nucleus cross sections.

Total, inelastic and elastie, 4 cross sections from 1 MeV to 5 GeV are described using new itatiops
and improved interpolation algorithmis [56.157]. At highereegies (5 GeE<100 TeV),010t, Tin, Oprod
ando,; are calculated in the framework of the Glauber multipletseatg theory with the above;, - as an
input. The nucleon density distribution in nuclei is re@rted as the symmetrized Fermi function with the
parameters of 58] for medium and heavy nuclgi$ 10) and the ones of [59] fo# < 10. An example is
shown in Fig[¥ for neutron-nucleus,; as calculated with this algorithm (solid line) and with thgproved
algorithm [57] (dashed line).

2.2.4 Photon-nucleus cross sections.

Data compilation and interpolation algorithm fsyy with phenomenologicali-dependence for, 4 are as
described in[I60].
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Figure 3:MARS cross sections in comparison with Figure 4:MARS cross sections in comparison with
experimental datas;,; ando,; for 7~ p collisions experimental datas,,; for neutronsvsbeam mo-
as a function of pion kinetic energy mentum.

2.3 Hadron Production

This section needs more detail, enough that the casual readgets a better idea of what the code does
- a short version of sections 2 and 3 from Conf-04-053, approjately updated, would work.

2.3.1 Cascade-exciton model code

A version of the Cascade-Exciton Model of nuclear reactiij as realized in the codeem2003 [53]

and containing also several recent refinements [52] is imptded as default for 1 Mew E < 5 GeV.
The 1994International Code Comparison for Intermediate Energy Mac Data has shown thatEm95
adequately describes nuclear reactions at intermediatgies and has one of the best predictive powers for
double differential cross sections of secondary partiatesompared to other available models. Besides that,
it adds to MARS reliable 7~ -capture description (with a few modifications, e.g., radeacapturer —p —

n7y), better description of photon induced reactions in thermediate energy range and of radionuclide
production. When installed within KRS, theCEM code was converted to double precision along with some
other necessary modifications, but is otherwise ident@#hé CEM2003 version. Several examples of the
CEM predictions compared with experimental data and resulseweéral other models are given in Figk. 5
and®. One can see that on the whole, the code reproducesvaliitgot only spectra of secondary nucleons
but also excitation functions for the spallation yields, @ammoredifficult characteristic of nuclear reactions
to be predicted by any theory, and is consistent with othérkmewn models|[61].

2.3.2 Inclusive hadron production from 5 GeV to 100 TeV.

An inclusive approach is the default in this energy rangee fi&dron production model uses a combination
of phenomenological models, parameterizations and iategr algorithms, covering a hadron kinetic en-
ergy range of 1 Me¥.E<100 TeV as described in Refs. [44] 62] 63]. An improved phesraitogical model

has recently been developed and introduced inkrBlas the default to describe pion production in high-
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energy proton-nucleus interactionsl[64]. Special atbenit paid to high-pevents° and kaon production,
and low-momentum pions g GeV/c) from intermediate incident proton momenta (by <30 GeV/c).
The following form is used for the double differential crasstion of thepA — 7+ X reaction:
dQUpA—nriX
dpdS)

dZO.pp—nriX

_ pA—mEX
r ( dpdS)

A, po,p,p1) 1)
wherep andp | are total and transverse momentardf, and A is the atomic mass of the target nucleus. The
function RPA=""X 'measurable with much higher precision than the absoletdgjiis almost independent
of p, and its dependence @ andp is much weaker than for the differential cross-sectiorfit$ather so-
phisticated algorithms have been developed to treat thistifan for pion production on nuclei in the forward
(zr >0) and backwarda(r <0) hemispheres separately. It is demonstrated_in [64] tlatetnpredictions
are in a good agreement with data in the entire kinematiorediypical examples of comparison with data
are shown in Fig$l7 arid 8. Calculations with thers13(98) code of the pion double differential spectra
from a thick lead target gty,=8 GeV/c agree reasonably well with dafal[65] in tii#ficult momentum
region 0.5< p <5 GeV/c, Fig[® whereaseANT seems to have a problem. Information on the nuclides
generated in nuclear collisions is now scored, or accumdlatnd reported in the output results.

2.3.3 Deuteron-nucleus collisions.

Deuteron interactions have little in common with the gehpieture of the interaction between complex
nuclei because of the deuteron’s relatively large size amallsinding energy. Therefore a special model
has been developed [66] and implemented intoR'd. Deuteron-nucleus interactions are classified as elas-
tic, dissociation, stripping, and full inelastic. In elasnteractions the deuteron emerges intact in the final
state while the nucleus may be unchanged (coherent elasti@gve lost one nucleon (incoherent). Coher-
ent elastic uses Glauber’s treatment with some adjustnoénibe parameters to fit experiment. Incoherent
elastic scattering assumes a differential cross sectitwe twice that of the proton — using the prescription
of [67] — and the nuclear parameters as for the coherent G&éeis then multiplied by a deuteron — and a
nucleon form factor as well as a Pauli suppression factochvhinders low momentum transfers. Exchange
of a long range virtual photon may result in Coulomb dissomiawhereby the deuteron splits into a proton
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and neutron. This is calculated using a Weiszacker-Williapproach for virtual photon emission. Disso-
ciation may also result from (nuclear) elastic processeslatively high momentum transfers. In stripping
one nucleon undergoes an inelastic nuclear event whilartsgr continues without interaction. The total
stripping probability is calculated based on the projectepd separation as predicted by the deuteron wave
function [68] and geometrical arguments. Deuterons diaseas in|[[69] with full relativistic kinematics.
Interaction with the nucleus by one of the partners procestisn the standard MRS scheme. In full in-
elastic events both nucleons interact with the nucleus.sTitigping routine provides the angular deflection
and momentum of each nucleon after which both are allowedtévdct as other MRS nucleons. As an
example, a calculated, K-meson yield out of a 3-cm radius gallium target 36-cm long in5-cm radius
solenoid (B=20 T) is presented in Fig] 10 for proton and deutdeams of equal momentum per nucleon.

2.3.4 Quark-Gluon String Model code LAQGSM2012.

Exclusive particle event generator for hadron and heamyaiaclear interactions from 1 MeV to 1000 GeV.
Comes here !l

2.3.5 Exclusive hadron production from 5 GeV to 100 TeV.

The bPMJIET3.3 code [[7D[71] is implemented intdARS to sample the initialh N, hA, AA andv A
interaction for 5 GeW.E<100 TeV [44]. This provides — at least partially — the feasupéa full exclusive
event generation with all known particles in a final state] @navailable as a non-default option which
the user must specify, see Sectiod 8.2 for instructions. DFM@JET code has been proven to be consistent
with collider and cosmic ray data in a multi-TeV energy regid he two-component Dual Parton Model
is used with multiple soft chains and multiple minijets atle@lementary interaction. Within this model
the high energy projectile undergoes a multiple scattepimgess as formulated in the Glauber approach.
Particle production is realized by the fragmentation obdelks parton-parton chains constructed from the
quark content of the interacting hadrons. The code incledssading of secondaries — suppressed by the
formation time concept — within both target and projectilgleus. The excitation energies of the remaining
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Figure 9: missing figure from hadron production Figure 10: missing figure from deuteron-nucleus
section collision section

target — and projectile nuclei are calculated and simulabiosubsequent nuclear evaporation is included in
the model.

2.4 Elastic Scattering

Modern evaluated nuclear data as well as fitting formulaausegl to simulate hadron-nucleus elastic scat-
tering. For protons, nuclear Coulomb elastic scattering thieir interference is taken into account. At
E>5 GeV, a simple analytical description used in the code fdin lsoherent and incoherent components of
do /dt is quite consistent with experiment.

2.5 Muon Production

Simulation algorithms for* — ;% v(7) and K * — % v (7) decays and for prompt muon production (single

muons in charmed meson decays, .~ pairs in vector muon decays, and the dimuon continuum) with
forced generation of weighted muons have been improvedmptranuons produced in electromagnetic

showers are described in detail.

e Bethe-Heitler pairsZ—Zp ™~ are produced af, > 0.25 GeV at arate dfin./m,,)? times that for
e*e™ with the appropriate statistical weights and a completaukition of electromagnetic showers.
It was shownl[[7R] that this approach produces remarkabldtsethat agree with those based on the
numerical integration in the Tsai formalism_[73].

e muon production with forced decays of mesons and short-liesonances [26, P8,174.175];

e very efficient algorithms for muon interactions (ionizatjdoremsstrahlung, direette~ pair, and
deep inelastic) and transpdrt [76] well advanced compargudvious versions$ [37, 2B,174.175];

e optional forcedu—evv decays and synchrotron radiation generation [77];
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e At £ >45GeV direct positron annihilatior™e™—pu"p~ is simulated according td_[78] with
o =86.8/s nb, wheres is in Ge\?, and with(1 + cos?6) as the angular distribution.

e Foru—evw decays, the vector momenta of the emitted electrons andmesiire sampled according
to the differential decay probability of théector-Axialmodel of four-fermion interaction§,[78].

2.6 Electromagnetic Interactions of Heavy Particles
2.6.1 Electromagnetic interactions of muons, charged hadns and heavy ions

in arbitrary composite materials are simulated down to redvens of keV. Radiative processes and atomic
excitation and ionization with energy transfegreater than a cuto#,. are considered as discrete events
involving production ofs-electrons,e™e-pairs, and bremsstrahlung photons which are followediexpl
itly [F9]. Energy losses with < e, (so-called restricted losses) are considered as continuicheir distri-
bution is described by Vavilov function — with redefined paeders — which approaches a Gaussian with
decreasing.. Independent of energy, material or thickness traversedguality of the Gaussian approxi-
mation is governed by the average number of event¥ ¢ne chooses to evaluate individually and becomes
acceptable for most purposes when>10. Bremsstrahlung and direct e~ production differential cross-
sections used in the code are as given in Ref. [80].

2.6.2 Multiple Coulomb scattering

is modeled from the Moliere distribution with nuclear fofactors included(I81]. A very careful treatment
is done inMARS of processes near and below the Coulomb barrier in hadroonrand heavy ion transport
(ionization absorptiornvs nuclear interactions decay) as is further described in Réf.J[44]. The scattering
is applied as a continuous process while the particle pdksesgh material, rather than being applied at
discrete locations.

2.7 Electromagnetic Showers

New modules for simulating electromagnetic showers baseduorent knowledge of physics of electro-
magnetic interactions were recently developed and have inegglemented into the cod& [82]. The main
focus is given to electron and photon interactions in aabjtcomposite solid, liquid and gaseous materials
at low energies (1 keV to a few MeV). The entire shower, andhqurocesses as emission of synchrotron
photons, photohadron production — ™ u~ andete™— ™, can be treated — in the spirit of theA®s
framework — either analogously or inclusively with corresging statistical weights. The choice of method
is left for the user to decide, via the input settings.

following statement needs more det@ieneration and transport of de-excitation photons is ivgnto
Undesirable fluctuations in the inclusive description eclomagnetic showers are reduced.

2.8 Synchrotron Radiation (text to be added)
2.9 Stopped Hadrons and Muons

A very careful treatment is done mARS of processes near and below the Coulomb barrier in hadron and
muon transport (ionization absorpti@n nuclear interactions decay).
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2.9.1 Pions.

A stoppingm™ decays intq.* of 4.1 MeV plus a neutrino while a~ attaches to a nucleus (via the modified
Fermi-Teller law). While cascading down the atomic enegypels, the pion is captured from a high orbit
thus emitting only a few low energy photons which are neeglgédiere. The hadronic interaction of the
stoppedr~ is treated using the Cascade-Exciton Model [53] with a fevdifications. When hydrogen is
the target it is assumed there is a 60% probability to for gdaaxchangen("p — 7%n) whereupon the
70 decays into two photons of 68.9 MeV each and the neutron aejaismall (0.4 MeV) kinetic energy.
The remaining 40% of stopped™ in hydrogen interact via radiative capturer p — n~y. Here the photon
acquires 129.4 MeV and the neutron 8.9 MeV kinetic energige@tuclides have a much smaller probability
for radiative capture (1-2% which is taken into account impetition withcem95). The photon energy is
chosen from an empirical fit to experiment while the remainsleleposited as excitation energy.

2.9.2 Muons.

A stoppingu™ always decays intevv while ap~ attaches itself to a nucleus. Whema stops in a com-
pound or mixture one first decides to which nucleusitheattaches (modified Fermi-Teller law). Following
attachment the muon may still decay as decided by compaaipigiee and decay lifetimes of which the lat-
ter is favored for light nuclei (Z11). A captureds™ then cascades down to the ground state of the muonic
atom emitting photons along with some Auger electrons, falitiich is simulated using approximate fits
to the atomic energy levels. In hydrogen muon capture alyaysuces a 5.1 MeV neutron via inverSe
decay. In complex nuclei the giant dipole resonance plagseaand results in an ‘evaporation’-type neutron
spectrum with one or more resonances superimposed. THissisated in Fig[Ill which shows the neutron
spectrum resulting from~ capture on oxygen. In addition smaller numbers of evapmeiipe charged
particles and photons may be emitted. Calculated with toeehlgorithms longitudinal dose distributions
in a slab tissue-equivalent phantom are shown in[Elf. 12eafxiis of 150 MeV proton and 75 MeV pion,
muon and neutron beams striking the phantom.
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2.9.3 Antiprotons.

Stoppedp attach to nuclei in the same way®as or . Annihilation at rest is assumed to produce only pi-
ons, neglecting some of the rarer modes involving strangicles. Charges of produced pions are slightly
skewed towards ™ in view of the ‘brought in’ negative charge. Pion momenta@resen from an inclu-
sive distribution loosely based on experiment. The energiglted distribution is normalized to twice the
nucleon mass which predicts a multiplicity of 4.3 — close bsarvation. In a complex nucleus the anni-
hilation is treated as though it occurs on free nucleon axttegt each pion produced by the annihilation
process is given a 50% probability to interact within thelaus. This shortcut attempts to include — at least
qualitatively — participation by the constituents nuclgon

For antiprotons in flight the annihilation cross sectioruhlessin a larger cross section fpr vis-a-vis
pA, especially for light nuclei at lower energies. Total cresstions for botlpA andpA are estimated on
the basis of simple geometrical considerations amdpn andpp,pn cross sections. The ratig;4 /0,4 iS
then applied to the more accuratgs used in MaRs. Annihilation in flight uses the same inclusive pion
distribution as at rest in the-nucleon rest frame after which the pions are Lorentz t@nséd back to the
lab. Above about 0.1 GeV/c a small — mn component is included. For both mechanismsleartarget
effects are again approximated by allowing emerging dagito interact in the same nucleus or escape
each with one half probability. There is also added a thinshonent in which the or 7 interact only
quasi-elastically with the nucleons. These are simulagdguconventionaMARS algorithms exactly as
for protons except that the fastest nucleon emerging (hgaplarticle) from the collision is identified as its
antiparticle.

2.10 Neutrino Interactions

A special weighted neutrino interaction generator has blegaloped([44, 83] and incorporated intaKIS.
This model permits the selection of the energy and angle @i earticle ¢/, e, x and hadrons) emanating
from a simulated interaction. These patrticles, and the sh®witiated by them, are then further processed
in the code in the usual way. Four types of neutrinos arengjsished throughout(,7,,, v.,7.) and the
model identifies all possible types of neutrino interadiarith nuclei. The corresponding formulas for these
processes as well as results of Monte Carlo simulations famtolliders and storage rings are described
in [83].

2.11 Low Energy Neutrons

The default low energyK < 0.0145GeV’) neutron model irMARS is sufficient for most applications. It
uses a 28-group cross-section library, which in turn isvéerifrom data on a set of 14 materials [BNAB].
The cross-sections are extrapolated to cover other migtapéin the initial set of 14. Alternatively, one can
use, so-called thecNP mode inMARS, where neutron interactions At < 0.0145GeV are described using
the ENDFB cross-section librarie§ [84]. In this regime, the code nwd# physics processes from 0.001 eV
to 0.0145 GeV such as, « reactions, creation of recoil protons, heavier recoilsrral neutron capture on
6 i and!Y B; corresponding effects in hydrogenous, borated and fitHinaded material$ [85] etc.

In some cases more precise modeling of low energy neutrorecessary, particularly when predicting
residual dose rates, and when predicting prompt dose ratabyrinth type geometries. Residual rates are
sensitive to the materials present, and prompt dose ratédgto — ~ reactions, which occur when slow
neutrons are stopped and captured. In these casesslghn be used coupled with the fulicNP code, in
a combined M\RS-MCNP mode. In this mode, MRS generates the initial neutron but sends it to the full
version ofMCNP for tracking and interactions, to the point where the neuisocaptured or to it's cutoff
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Table 1: Neutron energy group numbeM& and lower energy boundaridsG (MeV) in the group at
E <14.5 MeV in the 28-group representation.

NG 1 2 3 4 5 6 7

EG 14 10.5 6.5 4.0 2.5 14 0.8

NG 8 9 10 11 12 13 14

EG 04 0.2 0.1 4.65E-2 2.15E-2 1.E-2 4.65E-3
NG= 15 16 17 18 19 20 21

EG= 2.15E-3 1.E-3 4.65E-4 2.15E-4 1.E-4 4.65E-5 2.15E-5
NG= 22 23 24 25 26 27 28

EG- 1l.E-5 4.65E-6 2.15E-6 1.E-6 4.65E-7 2.15E-7 2.15E-9

energy. At that point the particle information is handediddacMARS for compilation of tallies and results.
The full MCNP code contains very detailed material handling, taking attoount the nuclear physics details
that occur in interactions with different nuclei, and thi®ets residual rate calculations.cNP also includes
then — ~ reactions critical to predicting prompt dose calculationigbyrinth type geometries, where slow
neutrons are dominant.

Using MARS with the full MCNP code requires that the user obtain and installsizaiP code library.
The code is obtained from RSICC[86], the Radiation Safeflyrimation Computational Center, at the Oak
Ridge National Laboratory, on the web at www-rsicc.orn¥,gar from the NEA Databank in Europke_87].
The code package is proprietary and a license must be peaathBer further details on using ARs in the
MARS-MCNP mode, see Sectidi 6.
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3 Using the MARS Package

MARS uses it's physics models to generate particles and track theough a described geometry, applying
appropriate physics interactions, and tabulating thagdaflux, energy deposition, and other parameters in
the various portions of the geometry. This Section dessriimv theMARS package functions, by giving
overviews of : MARS geometric zones; the particle types used in the simulatiah Fow MARS tracks
these patrticles through a modeled geometry; how matenaldefined; how results are tabulated and what
histogram options are available; variance reduction tiectes; and interfaces to other codes. Each overview
directs the reader to further details in other Sections.

The units iNMARS are: energy irGeV, dimensions irem, angleg in degrees, and magnetic fields in
Tesla. The reference system is a cartesian coordinate systemthveit axis longitudinal, and the positive
direction is from left to right. The axis is usually the center of symmetry, and as a rule the pyiparticles
strike along this axis in the positive direction. The pesitiirection of ther axis of the global system is up
and they axis is toward the viewer, completing a right-handed system

3.1 Describing a Geometry by Zones

The geometry description, or model, is seen by as a contiguous array of volumes, called zones. The
user has complete control over the size, shape, contenbeatidn of these zones. As patrticles are tracked
through the modelMARS queries specific subroutines to determine which zone thiclgars in. Each
zone is uniguely numbered, and the zone number corresporadsdrray index used by many variables in
the program. For example, there is an array, indexed by zanwer, which tells MRs what material is
present in each zone, and the material in turn is used to defimerey parameters which affect the physics
interactions which can occur within that zone. As partides generated and tracked, {eth lengthof
each particle type within each zone is accumulated anddstdine finalpath lengthdivided by the zone
volume results in the flux for each particle type through eamte. Particle flux, tabulated by zone number,
is used in turn to calculate many other results from the pnogrin short, by controlling the size, location
and material specifications for the zones, the user contineldevel of detail in the results which AMRs
reports. The user can also tweak parameters which contra s the interactions which MRS simulates.

MARS classifies geometry zones as one of three types: Standashdexi and Non-Standard. Standard
Geometry zones are those whose borders are defined by gqeetitered in th&ARS. | NP input deck.
Standard zones always have a cylindrical symmetry, witlddasr defined only on the z, r ardaxes; the
syntax is described in Sectibtn 42.5. Extended Geometrgszane those whose borders are defined by
the contents of th€EOM | NP input deck; the syntax for this deck is described in Sedfigh £xtended
Geometry zones are similar to the geometry description bgdthie Geant Monte Carlo, in that they are
constructed from a set of contiguous or overlapping geaoatshapes such as boxes, spheres and cones.
Non-Standard Geometry zones are those described by the ssitware encoded description of a geometry
(there is no restriction on the type of software — while ther\d user subroutines are written FORTRAN,
the user can write his own modules in other languages, arelthage called from the MRS subroutines).
There is no restriction on the shape of Non-Standard zoheg;dan have cylindrical or cartesian symmetry,
or can be of an arbitrary shape too intricate to render usiageixtended Geometry syntax. Further details
on setting up non-Standard zones is in Sedfioh 5.4.

Geometry descriptions can be imported from a few externagiiams, and these are referred to as
imported zones, and MRS will treat these areas as non-Standard zones. See belowetioda.1.2.

All geometry options can co-exist in a setup description. O extended geometry option provides
exact crossing of particle tracks with surfaces that prevets small regions within a large volume from
being skipped over. In other geometry options, boundary loalization is based on iterative algorithm
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and user needs to take care of appropriate region numberinggilot steps and localization parameters.
Zone overlapping in the extended geometry mode means in pacular that in this mode a user doesn’t
need to care about zone numbering when one large zone is filledth small objects.

Any type of zone can hold any material which the user has dettlko be “in use” (see Sectiohs13.4 and
EZ2). But there can be only one material in each zone. Onttiex hand, a magnetic field can vary from
point to point within a zone. The difference between the meguents for materials and fields within zones
has to do with how the tracking is handled, discussed beldeirtior3.B.

The entire volume of the user’'s model must be filled by any doatlon of Standard, Non-Standard,
Extended, or imported geometric zones; there can be noshigft undefined and yet surrounded by defined
spaces. If such holes exist, themiis will take care of defining them for you — by assigning it's owang
number to them and, if no other material is defined for thattion, filling the areas with the material called
“black hole”. The material functions as hamed: any simuaatarticle which enters the volume of the hole
will disappear, be dropped from the tracking list, and nojpaigated into the surrounding zones. In the GUI
visualization of the model, these undefined spaces show bjaek filled. For most applications, if such
holes exist, the simulation results will not be correct. fEhare, however, certain applications where the
user might desire to kill off particles which cross into ata@r zone; the user subroutih&AK, Sectior 5.1
gives an example.

The outermost extent of the user’s entire model is a Starmtard cylinder whose extent is given by the
values in theZSEC andRSEC cards in theVARS. | NP input file. This fact implies that there must be at
least one Standard zone - a sort of container zone. All othiees, Standard, Extended and non-Standard
(including imported), must fit within the Standard zone @imér or have outer boundaries aligned with it.
For example, if the users model is defined entirely usingvsoft-encoded non-Standard zones, he must still
have at least one Standard zone, and this Standard zoneeargizget to surround the maximum geometrical
extent of the encoded non-Standard zones.

The total number of all zones, Standard, non-Standard nlgts and imported, has a maximum value
of 200,001, and this limitation is set by the maximum sizehaf &rrays used to store and accumulate the
results of the simulation. The number of Extended zones leistetween 0 and 200,000, but there is no
similar limit on the number of other zone types, except theeugimit on the sum of all the types. It is up
to the user to keep track of the numbers of the zone typesrddcland to be certain they remain within the
stated limits.

A single model description can use all zone types simultasigpand these can even overlap in space,
but doing so will cause MRS to use it's own priority system to determine the final zone hanfor the
overlapped area. The priority to zone assignment is basakleoarder in which MRs calls the different
geometry modules. When MRS has a coordinate position, and needs to know what zone tbadicate is
located in, it first calls the non-Standard geometry modtikeuser subroutinREGL. Imported geometries
are grouped with the non-Standard zones. If no zone is defimdtie coordinate position there, then next
the Extended Geometry module is called. If no zone is asdigmere, then the Standard geometry module
is called. If no zone is assigned to a coordinate positicer aff these modules are called, then the location
becomes a “hole” in the geometry; however, because thereleast one “container” Standard zone, it
typically serves as a background to all other zones, andseimahe non-Standard and Extended geometry
descriptions can show up as being assigned to the “contdht@ndard zone rather than as a “black hole”.

An interactive GUI interface is included within MRS, which allows the user to view his geometry, and
check items such as zone boundaries, the material conteahe$, and the zone index number assignments.
An overview of the visual interface is given in Sect[on] 3utier details on using the interface are given in
SectiorIP.
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3.1.1 Geometric Zone Volumes

The boundaries of zones describe a geometry modeldrdyfland give the program the information it needs
to track particles and apply physics interactions withmtnodel. But the boundaries alone are not sufficient
to calculate results. In order to do thatAMSs also needs to have the volumes of all the defined zones. As
particles are generated and tracked, ghath lengthof each particle type within each zone is accumulated
and stored; the fingdath lengthdivided by the zone volume results in the flux for each patigpe through
each zone. The particle flux is then used in turn to calculaeynof the results reported by the various
output files. A defined zone which has a zero volume will noydrdve no results calculated, but also the
zone number will not appear in any of the output results.lists

So, the user must be certain that zone volumes are providdt tprogram. In the case of Standard
zones, MARS is able to calculatenostof the volumes automatically, since these zones have aaioyfih-
drical symmetry. However, a “container” Standard zone inclwlother types of zones are embedded will
be “broken”, i.e. it is no longer a cylinder, but a cylindernus the shapes of the other zones inside of
it, and in this case the volume for such a Standard zone wik ha be provided to the program. In the
case of non-Standard and Extended Geometry zones, the usealways provide the volumes. The vol-
ume data is provided to MRS via user subroutin&FAN, which enters zone volumes into the appropriate
arrays. Calculating zone volumes “by hand” is an option laut be tedious for complex shapes.akb
has a “volume MC” running mode, where it “throws” coordingtssitions to the geometry subroutines, and
probes the boundaries of zones; as it does this, it formsiamameasurement of the zones. The resulting
volume estimates are listed in tR&LMC. NON output file. The user then cuts and pastes the volume values
into the VFAN subroutine. Section'4.2.2 gives thMARS. | NP settings for running in “volume MC” mode,
SectiofIT.T]1 describes the contents of Wk MC. NON file, and Sectiol 5]5 describes thREAN routine
and the process of obtaining zone volumes in more detail.

3.1.2 Geometries from other Codes

The MARS program can accept geometry descriptions created by a fesv ptograms. At present, these
programs ar@iCNP, FLUKA, and themAD format. ThemAD format is used by various accelerator design
programs as a unified method to describe typical beamlimaazies. For MRS to use avAD format file,

the file must first be pre-processed through a stand-alosiggrrogram called theAD-MARS Beamline
Builder; it's use is described in Secti@h 9LEKA geometry description files must also be pre-processed; in
this case the parsing program is a script which is distributeth the MARS code and libraries, and its use

is described in Sectidd 7. Instructions for usmgNP geometry descriptions is in Sectibn6]1.2. For each
of these, the processed geometry file from the external iegdorted into M\RS by appending the file
contents onto the end of the mainads input file, MARS. | NP, and then certain flags are set on IN®X

card so that MRS knows to examine this file past tI®TOP card. These geometry descriptions function
in MARS just as the native geometry descriptions do — they descrilzgray of geometric zones, and these
zones are treated just as any other definekBizones, including the volume requirement described above.
In general, the zones created by these imported geometgdseated as non-Standard zones, and as such
must follow the same numbering conventions and limitationgthe total number of zones; the physics
results for these zones will be listed as for all non-Stathdanes.

3.2 Particles used in MARS

The list of particles which theARs simulation produces, interacts and tracks through a masdg/en in
Table[2. Heavy ions are also transported in the code. Themadisted,x", 7=, K, K, muons, and the
longer-lived particles such @, A and other hyperons, are allowed to decay in flight accordinigeir
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lifetimes, if they survive interactions in matter betwekait production and decay points. Their main decay
modes are included in the simulation. Short-lived partigjses generated at an interaction point, such as
7%, p,w, D, andJ/ ¥, are forced to decay immediately, using their most probatdeching fractions; these
decays produce daughters which are listed in Table 2.

Each particle in TablEl2 has an index associated with it. Flaex is used to refer to the particle type
in various places in th&ARS code. For example: the primary particle type can be spediited the input
MARS. | NP file using this index; the user histogram subroutines cdizeithe index to accumulate data on
a particular particle type. In the MRs common blocks and the user subroutines, the index valueerghy
assigned to variabléJ.

Table 2: Transported particle types and their correspaniidex value.

p n ot w Kt K- gt pu oy e
11 12 13 14 15 16 17 18 19 20
D T d t Hes Hey v, v, Ve
21 22 23 24 25 26 27 28 29 30
7 KY K K° KO A A xt 20 »-
31 32 33 34 35 36 37 38 39 40
0 v W s = = oF

(1]

Heavy ions withA > 4 have the following indexesfD = 1000 « Z1 + A1 — Z1

3.3 Tracking

The methods used to simulate the passage of particles throager are a large part of any physics Monte
Carlo system anthARS is no exception. The path any particle takes through magerbloth discrete and
continuous components. An example of a discrete procesglear collisions; an example of a continuous
processes is the trajectory of a particle through a magfielid. In the MARS simulation, a particle’s
trajectory is approximated by a series of connected linenseds. The possibility of a discrete interaction
occurring, or the effect of a magnetic field, is evaluatedhateands of a segment; the length of each segment
and the magnitude of the change in direction from segmer@gment are what control the overall accuracy
of the tracking simulation.

Therefore, the first thingnARS does when tracking a particle is determine the size of the e
segment. There are four main parts to this determinatiomst,MARS calculates the mean distance to
the next discrete procesByisc where the set of these discrete processes consists ofinimddastic and
elastic interactions, particle decay, and energy loss ak@adck-on electrons. This distance depends upon
the particle type and energy, and on the material the paisg@assing through. SecomtaRs calculates the
step sizeDcontallowed by the algorithm which models the main continuouxpss, the effect of magnetic
fields. The step size for tracking through magnetic fieldgegawith the particle energy, as it is determined
by limits on the bend angle; thears defaults for these limits are adequate for most situatiand,can be
modified by the user using th&_MX card in the input deck, described in Section 4.2.8. ThidRs sets
the overall interaction distand@jn; by choosing the minimum ab ;¢ and Deont:
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The fourth part of the line segment size determination caoegBj,; to the step size allowed by the
geometry descriptionD. The geometry portion of the tracking steps through thesussvdel using a
"pilot” step size, and after each such steyRS queries the geometry description routines to determine
what material (or zone number) is present at the end poirteo$tep. If the material (or zone number) has
not changed from the previous step thBg; is set to the pilot step size. If however the material (or zone
number) has changed, then there are two possibilities.elextended geometry mode (see Sedfich 4.4), the
code takes as the next step the distance to the nearestesbdiacdary by solving corresponding equations.
In all other geometry modes, the code jumps back to near #re ¢t the pilot step, checks to see that
the initial material is located there, jumps forward agauith a reduced step size, checks to see if the
material has changed, and so back and forth in smaller antlesrateps until the smallest allowed step
size bridges across the boundary between the two mateFajsre[IB shows a simple schematic of this
boundary localization proceduréc is reset at each iteration to a shortened step length whistoaphes
or crosses the material boundary, and is comparddtp. The boundary localization process halts when
Dg is smaller tharDjnt, or whenDg has reached an allowed minimum size. If this allowed mininstep
crosses the boundary into a new material, theg must be redefined, and the tracking sequence resets back
to part one described above. The final tracking line segnesgth is the minimum objt and Dg. The
current algorithm([[17] for multiple Coulomb scattering rated with the ionization energy loss provides
accurate modeling on this segment independent of its size.

Material 1 Material 2 Zone Boundary Localization

The initial geometric line segment length,
Dé , is the Pilot Step Length. If the
material type changes after taking a pilot

B

A

Pilot Step step, as between points B and C, then the
code iterates back and forth, as in points
a through k, stopping when the length

between two steps is the smallest allowed

iterative sfep size.

The iterative steps are expanded here for

Smallest [ferative Sfep clarity. T/vey actually all lie on top of each

other, along the line connecting B and C.

Figure 13: A schematic of the boundary localization procedu

The accuracy of the geometric boundary localization pmcesontrolled by the user, using the input
deck as described in Sections—412.2and #.2.4. The pilot @amcwm step sizes can be defined separately for
different materials, using thmaterial dependentards.Global pilot and minimum step sizes are otherwise
applied. Guidelines for setting the values of these stegsdiz attain the desired accuracy are also discussed
in Sectiond4.2]2 arld4.2.4, and the example in SeEfion] di8cBisses in detail the correct application of
the step size controls.

Another user control over the tracking is the particle thodd energy. As particles pass through matter
they lose energy. The user can specify an energy below wihidicies will be dropped from the tracking;
the main advantage of this feature is to reduce the comptitmgyspent tracking particles which will have
little or no effect on a particular result. The specificatisnmade via the input deck. Just as for boundary
localization, there arglobal andmaterial dependenthresholds. Thglobal energy thresholds are applied
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in all materials, although there are several of them, sodhah class of particle types can have a separate
threshold applied, as described in Seclion4.2.3. mhterial dependerthresholds are applied only where
those materials are present, and there can separate tlde&reeach class of particle type in each material,
as described in Sectién4.P.4.

Details on the development ofaRS particle tracking methods can be found in references 12688B

3.4 Materials

The user declares what materials are present in his siroulatithe input file (for exampldyATER. | NP)
whose name is defined in the input fMARS. | NP. The syntax is described in Section412.4 and utilizes a
32-character string as an identifier. A maximum of 500 makercan be used within any simulation. An
index, 1:500, is assigned to each declared material acaptdithe order in which they are listed by the user
in the MARS. | NP file, and the user must use this index when assigning a spetifierial to a geometric
zone. There can be no more than one material within a single.zA material can be declared multiple
times, so that different step-size or energy thresholdsbeaapplied to the same material used in different
zones; an example of this is given in Secfion4.3.3.

There are two special materials within theaRis code. The first ongjlackhole is not included in the
total number of materials and not declared in M#RS. | NP file. The program assigns a negative material
index and a zone numbet 0 to blackholes, which are either all material outside of the simulated wwdu
(zone numbeet 0) or any region inside marked with zone number1, —2, —3,... . Any particle entering
ablackhole zone is immediately killed: it will be dropped from the trawg list and it's parameters will not
be accumulated to any built-in results or histograms. Tlyatiee zone number is also, however, a trigger
to calling the user subroutineEAK, which can then be used for special scoring or for forming @we®
term. For example, &lackhole zone is created in a particular quadrant of a geometry, setleay particle
entering it can be recorded onto a special set of histogratfnsed! by the user. Or, past a cert&in-plane a
blackhole zone is defined, and any hadron crossing this plane getdestto an output file, which is then
in turn used as the primary beam input for a separate runas $Avhich contains the geometry downstream
of the one used in the first run; breaking the model up into tmmore such stages can save CPU-time by
dropping uninteresting particles at strategic points.aidetind examples are given in Section .11 which
describes th& EAK subroutine.The easiest way to convert any material ifVARS. | NP to a blackhole is
to define its density on theMTDN card to be > 100,

The second special materiakigcuum. MARS uses material indeixM= 0 for the global vacuum, where
global means that the global values for tracking step lengtid energy thresholds are applied. If the user
wishes to control these values for areas of vacuum, then #terral name/AC can be used in th®IATR
input card list. This material gets assigned an ind®k- 0 just as for other materials, and then the user can
assign different step parameters or cutoff energies terdifft vacuum regions.

The first 100 elements in the periodic table, and many commampounds used in particle and nuclear
physics, are built-in to the WRs code. These are listed in Tablds 3 &hd 4. The user can als@ desin
own compounds, or mixtures. All compounds are defined thrahg weight or atomic fractions of the
individual elements they consist of. At program startupafd calculates the cross-sections and other
physics interaction parameters for the list of compounddaded for use in the simulation. The precise
effect of individual elements in compounds is taken intocact for all the electromagnetic and nuclear
elastic and inelastic processes modeled yRg material averaging, by using an effective ovetaland
A, is no longer performed.

Itis recommended that the user replaces air and other gasesithi vacuum if a thickness of gaseous
regions is less than about 10-30 cm. A CPU-performance and ew transport accuracy would be
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Table 3: Built-in elements. The first 100 elements in thequid table are built-in, and listed in order of
atomic number in the table below. TheirA®s abbreviation is the same as their standard abbreviation.

H HE LI BE B C N 0] F NE
NA MG AL Sl P S CL AR K CA
SC Tl \% CR WN FE CO NI cu ZN
GA GE AS SE BR KR RB SR Y ZR
NB MO TC RU RH PD AG cb I SN

TE LA
HO
IR
FR
BK

N
SB I XE CS BA CE PR ND
PM SM EU GD B DY ER ™ YB
LU HF TA \W RE 09) PT AU HG
TL PB Bl PO AT RN RA AC TH
PA U NP PU AM ™M CF ES FM

The following elements, used with their standard abbrewiat are treated by
MARS as being in gaseous phase, with density at STP
H HE N O F NE CL AR KR XE RN

The same elements used with the following abbreviationsraaged by

MARS as being in liquid phase with the stated densities

LH LHE LN LO LF LNE LCL LAR LKR LXE
0.0708 0.125 0.807 1.141 1.507 1.204 1574 1396 2.418 2.953

Carbon, elemert has a default density of 2.265cm?. Carbon can also be declared as
graphite by usingsRPH, which has a default density of 197 cm?

substantially better with such a replacement with no effecion the oveall results. Of course, it makes
sense only if studying effects specifically in the gaseousyiens is not the purpose of the run.

The calculated cross-section tables, as well as a summadhg @omposition and properties of all de-
clared materials, is written to the outpMBRS. OUT file. If the user has any questions about the detailed
properties of a built-in material, he can declare the maliesind run MyRS for a single event, and then ex-
amine the information in th®ARS. OUT file. The default densities for most elements are those atlatd
room temperature and pressure.

The general chemical makeup of the built-in compounds iedisn Table¥, along with the resulting
effective A and Z (note, effective values are not used byaRE, given just for orientation). The built-in
default densities for each compound is also listed. The ememodify this density using tHtdTDN card
in the MARS. | NP file as described in Sectién 4.P.4.

Table 4: Built in compounds, with their default density \edu

Abbr  p(g/em3) Compound Name/Formula

VAC 0. Vacuum

CH2 0.950 Polyethylene” H,
BCH2 0.950 Borated Polyethylene
CH 1.032 Polystyrene

continued on next page
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Table 4:table continued

Abbr  p(g/em3) Compound Name/Formula

TEFL 2.200 Teflon,CFy

NAI 3.670 Sodium lodide crystal

ELEC 1.034 Electronics N-Si-Pb mixture

BGO 7.100 Bismuth germanateBi>O3),(GeO2),
PBWO 8.280 PoWO,

Gl0 1.700 NEMA G1060%.S5i0240% epoxy
QUAR 2.640 Quartz,5i02

TI'SS 1.000 Tissue,H4C4NO17

WATR 1.000 Water, H,0O

PARA 0.930 Parafin waxC H3(CHs),,CHs

AlR 0.0012 Air at 18°C and58% humidity
SO L 1.900 Saoil, H17027A12Si9

CONC 2.350 Concretet steel reinforcingD,SiCaNaFeAl

BART 3.200 Boron-Barite Concrete

BMCN 3.637 Borated Magnetite Concrete

STST 7.920 Stainless Steel 304

SCON 7.000 Super Conductd0%(60%Cu + 40%NbT'i) + 10%Kapton
YOKE 7.870 Steel magnet yoke

COL 5.108 Water-cooled copper coil

I NSU 1.690 Insulation

CABL 2.896 Cables
cH4 0.4224 MethaneC H,

MYLR 1.390 CsH404

MYAL 1.783 Aluminized Mylar

KAPT 1.420 KaptonCys H1gN2Os

CRMC 3.970 Ceramic,Al>O3

TIAL 4.430 Ti-alloy, 0.97 + 0.06 Al + 0.04V by weight

| NCO 8.190 Inconel alloy 718

FECO 8.000 0.64F¢ + 0.36Co by weight

NBSN 6.802 Nb3Sn SC coail

SCC 8.500 0.24Nb3Sn + 0.70CuSn + 0.06Ta

G-FRP 5.682 0.33STST+0.21Cu+ 0.1SCC+0.2He + 0.16GL0O
BI TR 8.146 Magnet bitter coil0.9Cu + 0.1water

HOLW 5.50 Hollow conductorf.19water0.25M gO + 0.56Cu + 9%void
DLMI 2.85 Dolomite with15% water by volume

GriL 290 Glacial till with 30% water by volume
SHTC 2.24 Shotcrete

NYLN 1.13 Nonn,Type 6,NH(CH2)5CO = H11CsNO
NDFB 8.00 NdFeB magnetp.06B + 0.82Fe + 0.12Nd
LIH 0.82 LiH

MRBL 2.70 Marble CaC O3

S316  7.92 Stainless Steel 316

S347  7.92 Stainless Steel 347

STCA 7.82 Carbon Steel

continued on next page
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Table 4:table continued

Abbr  p(g/em3) Compound Name/Formula
CAST 7.31 Cast Iron

NBS2 7.00 Nb3Sn SC cable

| SOB 0.002493 Isobutane’, H; (gas)

O LM 0.769 Mineral Oil

ACRL 1.1388 Acrylic

SCl 0.7903 Scintillator

SCI G 1.3753 Gadalinium Loaded Scintillator
DEUT 0.1624 Deuterium (liquid)

TRI'T 0.0709 Tritium (gas)

D20 1.0177 Heavy Water

BEO 3.01 Beryllia Ceramic

Csl 4,51 Csl Scintillator

SMCO 8.2 SmCos magnet

FERR 5.0 SrO * 6Fes05 Ferrite
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3.5 Tabulation & Results

Results are accumulated, or tallied, zone by zone in the lmddgometry. The zones can be volumes
defined by the user’'s encoded geometry, or volumes and sgrfabere histograms have been defined. A
description of standard mars output information and howswthe results is given in Sectibn11]1.2.

Geometry and phase-space tagging options, used intgngivsludies withMARS (see, e. g.,[190, 91,
92]), have been further improved. These allow a very effioray to study a source term.

Calculated are three-dimensional distributions of starsdg, total and partial particle fluences above
several thresholds, total and partial energy depositiorsities, temperature rise, dose equivalent, residual
dose rates, displacements per atom (DPA), one- and tworgdiorgal mass and charge nuclide distributions.
All of these are accumulated and presented with correspgrsdatistical errors as part of the standeark s
outputs in the files MARS.OUT, MTUPLE, MTUPLE.NON, MTUPLEX, MTUPLE.MCNP. Energy
spectra in the defined zones, tagged distributions, and sueggal values are also produced

3.6 Histogram Options

The I/O sequence as well as the histograming for surface and voleteetdrs is substantially improved
and extended.

MARS native andHBOOK-based histograming and analyses have been extended wdenstoring of
surface current, flux, dose equivalent, particle spectdatiame distributions.

See XYZ-histograming section.

3.7 Visualizationneeds further update

See GUI Section. The interactive GUI interface is invokedsbiting a flag in the maivARS. | NP input
deck. The interface is very useful to visually check the getwynof the model, before actually running the
executable to generate events. The flag must be reset taABS in the event generating mode, as this
mode and the interactive GUI mode cannot be run simultamgoDetails on using the GUI interface are
given in Sectiof 112.

3.8 Statistics Guidelinesneeds further update

Some of the Rules of Thumb should just be moved here.

3.9 Variance Reduction and Biasingheeds further update

Algorithms for splitting and Russian roulette /a#l vertices (statistical weights) and in particle transport
(particle trajectories). Phase-space and particle tygsiraj, exponential conversion of path length. Mathe-
matical expectation: for ‘deep penetration’ problems imptex highly non-uniform geometries, algorithms
for scoring probabilities rather than real particle crogsior interactions now take into account all possible
processes for both stable and unstable particles and chasgeell as neutral hadroris [28].

The user can now choose between sampling and forcingl - andu-decays. Algorithms for splitting
and Russian roulette &tA vertices and in particle transport are also further impdoveor ‘deep penetra-
tion’ problems in complex highly non-uniform geometrielgaithms for scoring probabilities, rather than
real particle crossings or interactions, take into accalinpossible processes for both stable and unstable
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particles and charged as well as neutral hadrons. Use ofeaatieg field (RF-cavities) is now optional in
the code.

3.10 Interfacesneeds further update

Interfaces to theNsYs code for thermal and stress analyses and tetirJCTcode for multi-turn particle
tracking in accelerators have also been improved.

fusion with thesTrRucCT code [50] for multi-turn particle tracking in the accelenatattice represented
by an arbitrary combination of magnetic elements and texrmsftricies allowing unified approach to beam
loss and radiation effects studies at modern acceler38¢88) 94| 95, 96, 97];

3.11 Getting Started

This section presents an overview of the code and outlinestb@reate and run an executable. Details on
the structure and content of the input deck are given in &ei Details on the usage of each of the user
subroutines are found in Sectibh 5. Details on the struancecontent of the input and output histogram
files are given in Sectidn 0. Descriptions of the variouguotfiles are given in Sectidn1l1.

MARS is primarily supported to run on SunOS and Linux operatingteans, with secondary support
SGI-IRIX, IBM-AIX, DEC-ALPHA and HP-UX. TheMARS code system consists of a few hundeoR-
TRANY77 subroutines and a few CERN serviCeroutines, organized by functionality into several filekeT
source code file structure is listed in Table 5. The compugffigiencies of many of th&ARS software
algorithms have been improved and optimized over time. Tde cuns completely in the IEEE-754 dou-
ble precision model[ ]98], except for the CERM0OOK package.MARS utilizes a machine independent
universal random number generator|[99].

The user subroutines, in filell514. f , are the collection of routines which can be customized for a
particular simulation. While these routines &@RTRAN, the user can of course write his routines in other
languages, and have them called from the appropriate tosatvithin thenll514. f routines. Input decks
are also made available to the user for customization; et idecks consist of format-free, plain text data
cards, which are read by the CERNREAD package. The output ofARS consists of several files, a few of
which are always created and others which are created ordyn wdguested by the user via the input decks;
many are text based tables, some RB®OK files, and some are a specialized format for use as input in
multi-step jobs.

The code is installed at many accelerator laboratories aiveirsities. The code must be installed by the
author, on request, and is not available for self-instaltavia anonymous ftp. For the latest information,
a list of installation locations, code status, platformikaality, comments and other related questions visit
the officialMARS Web site http://www-ap.fnal.gov/MARS or contact the authtmokhov@ nal . gov.

In general, thevARS code system is installed into a directory structure as shustow:

dat/ | i nux/ sun/ GEOM | NP
GNUmakefile MARS. | NP XYZH S. I NP  MATER. | NP
mL514. f marsmai n. f  xsdir

The user has access to the source code only of the user snbsomtfile m1514.f; all other source code
is built into libraries.mar smai n. f is a short file which holds theORTRAN Program statement, the names
of the main input and output files, and the call to ther s1514 master code:
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o
C MARS15 CODE
C _____
C LAST CHANGE: 10-DEC- 2013 BY NVM
C----
| MPLI CI T NONE
| NCLUDE ' f nanes. i nc’
o
| NPNAM = ' MARS. | NP
OUTNAM = ' MARS. QUT’
HBKNAM = ' MARS. HBOOK’
XYZTABNAM = ' XYZH S. TAB’
DUVMPNAM = ' DUW
MIUPLENAM = ' MTUPLE
MTUPLEEXGNAM = ' MTUPLE. EXG
MIUPLEMCNPNAM = ' MTUPLE. MCNP’
MTUPLENONNAM = ' MTUPLE. NON'

PROGRAM MARSMAI N

CALL MARS1514

STOP
END

The user is free to change the input/output file namesinsmai n. f . The user copiesar snai n. f,
mL514. f , GNUmakef i | e, and the input deck8ARS. | NP, GEOM | NP, andXYZHI S. | NP along with
the MCNP filexsdi r to his/her own working area. The user customizes the inpckgdand the user
subroutines as needed; the user is free to create addisababutines called from the provided user sub-
routines. TheGNUmakef i | e can be edited by the user to include the list of all the usecallsubroutine
files, so they will be compiled and linked to tkeRs libraries to obtain an executable.

The executable is made by running B&dUmakef i | e script. This manual assumes the user is familiar
with the syntax for compiling and linking source code usgmake or make on unix or linux systems. The
GNUmakef i | e script in the installation directory uses compiler opti@mpropriate for the code and for
the operating system and compiler version on the machineexthe code is installed. THeNUmakefi | e
contains pointers to all the required external libraries|uding those for graphics and fOERNLIB.

The directory sample above is located on a hypotheticaterlughich contains various types of computer
platforms. The directories named by platform type, linuxi/arix/ hold theMARS object libraries compiled
for that platform within al i b/ subdirectory, and also hold a subdirectory of include files¢| ude/ ,
which containMARS common blocks and variable declarations. On a single node arcluster of identical
machines, there will be just one platform directory listadteéad of the multiple platforms shown in this
example.

Some geometric models which have a simple cylindrical streccan be described completely via the
mainMARS. | NP input deck, usingnArs Standard zones; an example of such a geometry is given ilmS8ect
3. The sampl®ARS. | NP file contained in thewARS installation directory is fairly simple and lists the
items which most users will typically customize. It alsddison the 2nd line of the file, the full path, on
the user’s local system, to thiat / files in the installation directory, which thears executable will need
to load at run time. Other geometric models can be adequdesgribed using groups of boxes, spheres
and other standard shapes, and these models can be créatesiARs Extended Geometry zones via the
CEOM | NP deck; an example of such a geometry is given in Section ggfém. The sampl€EOM | NP
andMARS. | NP. exgeomfiles are set up to illustrate the use of Extended zones (ors¢ potl NDX 3=T
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to MARS. | NP to execute the example.

Both these simple geometric models, using onlyNARS. | NPfile, or theMARS. | NPandGEOM | NP
files together, do not require customization of the userautbres. In these cases, however, the user must
still compile a local copy of the user subroutines to obtairemecutable, even if the routines have not been
modified from their initial dummy state.

For some problems involving the production and interactiohlow energy neutrons, the user might
consider using MRS coupled with themcNP code library. See the discussion in Section P.11 for the
relevant conditions. Details on running inA®s-MCNP mode are in Sectidd 6.

The MARS executable can be run interactively, in the backgroundubnstted to a batch system. By
default, the executable and the indRRS. | NP andGEOM | NP files must all reside in the same directory.
For batch running, when the executable and input files mighba located in the same directory, the paths
to the input files can be modified via customization of the usetine MARS1514, see Sectiofi 5.2 for
more information. The running time per event can vary widdgpending on the complexity of the user’s
model. The user is advised to try short trial runs of 100 to01€gents, to make an estimate of the cpu-time
required. The more events which are generated, the betestdltistical error on the results will be. In
general, any zone of interest should have a relative errnoohore than 20% for the results in that zone to
have a physical validity. More discussion on this subjeat Sectior{_1311.

The interactive GUI interface is invoked by setting a flag he mainMARS. | NP input deck. The
interface is very useful to visually check the geometry eftodel, before actually running the executable
to generate events. The flag must be reset toMaRS in the event generating mode, as this mode and
the interactive GUI mode cannot be run simultaneously. iBeten using the GUI interface are given in
SectiorIP.

The default output files afdARS. OUT, MTUPLE, MTUPLE. EXG, MTUPLE. MCNP andMTUPLE. NON,;
if histograms were requested there will also beea s. hbook file. MARS. OUT and MTUPLE list the
results accumulated mARS Standard zones, with some information on Non-Standardszalse contained
within MARS. QUT. MTUPLE. EXGlists results accumulated in Extended Geometry zoNg&JPLE. NON
lists results accumulated in Non-Standard zones. The foofrthese files is defined within non-user code,
and so cannot be changed by the user. Details on the confethisse files, and other specialized output
files, is found in Sectiofh11.
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Table 5: Source code organization.

File name Content
marsmain.f PROGRAM(file
m1514.f User routines

m15bldt.f, m15bnab.f
m15cstuff.c, m15gui.c, m15mc.c
m15in1.f, m15in2.f, m15out.f
ml5mareg.f

m15tr.f, m15trems.f

m15trneu.f, m15trneu-mcnp.f
m15field.f

ml15dedx.f

m15region.f, m15exg.f

BLOCK DATA modules

C service routines

I/O and initialization routines
the main event processing steering routines

hadronic, electromagnetic and heavy ion transport

neutron transport routines

magnetic field and synchrotron routines
DE/DX routines

zone identification routines

m15treem, m15eve.f, m15evepi.f, m15evtgen.fevent generator routines

m1l5elast.f

ml5xsec.f

m15ph.f

ml5cem.f

ml5neutrino.f
m15deutron.f

m1l5rad.f, m150mega.f
m15histl.f, m15hist2.f
m15utill.f, m15util2.f
m15tuple.f, m15srcterm.f
m1l5treem-laqgsm.f,laggsm1-6.f

elastic collision routines

cross-section routines

additional physics simulation subroutines
CEM(2007) model routines

neutrino transport and interaction routines
deuteron interaction routines

radiation interaction routines

histogram booking and entry routines
utility routines, includingFFREAD

output routines

LAQGSM routines
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4 TheMARS. | NP, MATER. | NP and GEOM | NP Input Files

This section describes the main input files, sometimesrexfdo asdecks used by MARS. These are the
nativeinput files, as opposed to user-created input files which tsigbplement the user’s own subroutines.
The files described in this Section are the mandatomrBilinput file MARS. | NP, and the optional Extended
Geometry input fileGEOM | NP. The MARS. | NP file is used to define the main operating parameters for
running the simulation — there are many switches and selecthat can be set. The number and size of the
Standard Zones are defined within t&RS. | NP file. The file might also contain an optional section for
importing geometry descriptions from other programs; ®ad8. 1.2 contains a brief description of these
options and refers to the manual sections which contaihduretails for each. The option@GEOM | NP

file is used to define Extended Geometry Zones.

Note that all the various geometry descriptions whicARg can utilize — Standard, Non-Standard,
Extended MCNP, imported — can be used simultaneously, and can co-exisbearthp in the same setup,
in a single problem. However, it is the users job to numberdisfened zones appropriately and uniquely,
and to be certain that the correct volumes for each zone hese @iefined. For more information see the
introductory Sectiofi-3]11 and references therein.

The mainMARS. | NP deck controls many features inA®s, such as: the primary beam parameters, ma-
terials, energy thresholds, termination conditiolng;vertices parameters, scoring parameters, and regions
where the standard histograms are accumulated. Nearlyesiétfeatures have default values built into the
code; if the default values are appropriate for the userdehdhen the control lines for those features do
not need to be present in tMARS. | NP file. Some problems cannot be described solely by informatio
MARS. | NP, such as complex composite materials different of thedittompounds, complex geometries,
atypical primary beam distributions, or magnetic fieldsthese cases, the appropriate user subroutines are
customized to describe the problem’s complexity, and treeaighese is discussed Sectldn 5. However,
even with extensive code customization, #&RS. | NP file parameters are a key method of specifying
basic information. Sectidn13.2 discusses some of theckedt in theMARS. | NP file which turn on or off
various physics process, and the conditions under whichnmogkt wish to modify these.

Sectiong4]1 and—4.2 cover all aspects of MRS. | NP parameters and syntax. Sectionl 4.4 describes
the use of theGEOM | NP file. Section[4B holds examples showing the use of some the gwnmon
MARS. | NP parameters, and Sectibn4]4.1 has an example of ExtendedeBg@ones.

Other sections of this manual hold descriptions for othgtipnal, input files. Sectidn10.4 describes the
use of theXYZHI S. | NP file and the histograms it produces. Secfibn 6 describesfhes required when
using the MARS-MCNP running mode. Sectidd 9 holds instructions for generatiqyi information using
the MARS-MAD Beamline Builder. Sectiori] 7 describes how to process@k geometry file for use as
input to MARS.

The more advanced user can create his own input files as edduyra specific problem: special source
terms €.g. DPM EVE for event generators, @dLOSS for beam loss distributions in a beam-line or ac-
celerator lattice), magnetic field maps in detectors anélacator elementse(g. QUADL. MAP), particle
distributions produced by RS in a previous job for multi-stage runs, and many variousaspind lattice
element files used by the Ab-MARS Beam-Line Builder. In many cases, the user will have to custe a
user-subroutine to open and read these customized fileshandilso ensure the data is placed into appro-
priate variables and made accessible terR\.
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4.1 Structure of the MARS. | NP Input Deck

TheMARS. | NP file, sometimes called theput deckis always required to run a MrRs executable. At the
very least, tha/ARS. | NP file describes the geometry’s Standard Zone(s) (there neuat keast one!), and
the list of materials used by the model. The input deck ct;msitwhat are called cards, following ancient
FORTRAN conventions; a card is a line or series of lines inM#dRS. | NP file.

The name of the file is, by defauMARS. | NP, but if the user wishes to change the file name, he must
edit the corresponding line in the main programr smai n. f ; see Sectioh 5l 1.

The units used by the input deck parameters, and indeed sadyhout MARS are: energy inGeV,
dimensions ircm, angle¢ in degrees, and magnetic fields ifi'esla. The reference system is a cartesian
coordinate system, where theaxis is longitudinal, and the positive direction is frdeft to right The z-
axis is usually the center of symmetry, and as a rule the pyiparticles strike along this axis in the positive
direction. The positive direction of the-axis of the coordinate system up and they-axis istoward the
viewer, completing a right-handed system. Any other units useddrarpeters in the input deck will be
specified in the list of input cards where appropriate.

The first card in théVARS. | NP deck is a line of text; the remaining are data cards. The mfigre the
data cards and their number is arbitrary. The only requirgrisethat the first text card appear on the first
line of the input deck, and that ti&I' OP data card be present to terminate the sequence of data Bed&.
lines can be introduced anywhere to group similar cardshegand organize the file. Any given line which
starts with the charact€@ will be ignored, just as ifFORTRAN. In general any lines after ttf&TOP card are
ignored, unless the user has set switches for importing gty description from another program; in this
case a block of lines is present after ®EOP card — see Sectidn-3.1.2 for more information.

The first line of the input deck is the Job Title card. It haB@RTRAN format of ABO. The user can
enter any text on this line, usually a short title to desctie problem, and perhaps the date, suciCas
target in Area B with design 1-a shielding, March 15, 2004is line of text is read into character variable
MTEXT in the code, and is written to tHdARS. OUT output file.

The rest of theVARS. | NP file consists of data cards. The CERINREAD package is used to read
these data cards in theAs routineBEGE NN. The cards are format-free in the sense that they can appear
in any order, and the qualifiers within each card can be ligteghy order. However, there are structural
conventions which must be followed for the cards to funcpooperly.

The structure of all these cards is the same:
KEYWa(1) a(2)... Nyu=b(1) b(2)... Ny=c(4) c(5)

KEYW s a keyword assigned to a group of varialdé€s ) ,b(j ) andc(k) . The variables are mapped onto
a one dimensional arra§( i +j +k) . Within arrayA, Np; is the location where elemeb{ 1) is located;
N4 is where element ( 4) is located. The numerical values listed afi@&YWwill be loaded sequentially
into arrayA, until a “N="is encountered. Once detected, the filling of arfawill jump to the location
given by IV, and continue filling sequentially from there.

For example, there is a data card with keyw&MRG, which controls the primary energy and energy
threshold cutoffs, below which particles will not be tradk&NRGis assigned to nine variables. All of these
thresholds have default values. For this example, all ofl#faults are satisfactory for a given model, except
the photon energy cutoff, which the user would like to raisefthe default 0.0002 GeV to 0.001 GeV. That
variable,EM GA, is the6!" of 9 listed. The user would enter

ENRG 6 = 0.001
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into the input deck. This directive will change the defawaltue of the6!” variable to 0.001 GeV.

If the user next wished to also change the default value onttheariable EMCHR, the cuttoff on
charged hadrons and muons), then this card entry would ecom

ENRG 4=0.03 6 =0.001
A space must separate the two equality statements, busthiithat is required.

Finally, if the user decided to additionally change the ditfan the5” variable EMNEU, the cuttoff on
neutrons), then the card becomes

ENRG 4=0.03 5=0.00 6=0.001
which is equivalent to

ENRG 4=0.03 0.05 0.001

For the previous example all the variables were one-diroeasiarrays. The example would appear
the same if the receiving variable was a 3-dimensional bbgjanly one has to think about tiORTRAN
conventions in the order in which the elements of arrays Heel fiAn example of cards which are assigned
multiple variables with dimensions 1 is given in Sectio 4]3.

The variables associated with a card can be integer, raatalo(represented by or F), and, in one
case, character. In general, all the variables assignedardaare of the same type, but there are a few cards
of mixed integer and real variables. The numerical valuesgfal variables must contain a decimal point, for
example 700" is not correct for a real variable whilé’00.” is. A message will be generated to the screen
if a real number value is missing the decimal point.

The card is ignored and treated as a comment if it starts@#bkparated by a space from the rest of the
card.

4.2 List of Data Cards in MARS. | NP

The listing of Data Cards is organized in functional grougerds used in the overall control of the program;
cards used to describe the materials and material depepdearneters; cards used to describe the Stan-
dard Zone geometry; cards which control histograms anddtbn; and cards to control specific physics
interactions. Cards are generally listed alphabeticalthivthese functional groups.

4.2.1 | ND Switches for Default/non-Default Options

| NDX | ND( 19)

Logical variables which act as on-off switches to contralisas options, described by the list
below. Default:9* F 10=T 9*F.

I ND( 1) =T The MARS. OQUT file will contain an extended format, such as tables of theetim
dependent residual dose in all materials. See SelclionZlfbridetails.
| ND( 1) =F Standard formaWARS. OUT file. See SectiohI1.]1.2 for details.

I ND(2) =T sets'Z — sandwich” geometry as a basis for the Standard Geometry zones. See the
ZSEC andRSEC cards.

I ND(2) =F sets 'R — sandwich” geometry as a basis for the Standard Geometry zones. See the
ZSEC andRSEC cards.
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| ND( 3) =T

| ND( 3) =F
| ND( 4) =T

| ND( 4) =F
| ND( 5) =T

| ND( 5) =F

| ND( 6) =T

| ND( 6) =F

| ND(7) =T

| ND( 7) =F
| ND( 8) =T

| ND( 8) =F
| ND(9) =T

| ND( 9) =F

| ND( 10) =T

| ND( 10) =F

turns on the Extended Geometry option, where a model is ibescusing combina-
tions of boxes, cylinders, cones, etc. See Sefian 4.4 fesargtion for using the
CGEOM | NP input deck.

Extended Geometry option turned off.

set this switch when magnetic or electric fields are presettie geometry descrip-
tion. This switch triggers calls to the user subroutileELD, where field maps or
components must be defined.

no magnetic or electric fields present.

turns onMCNP mode, which uses thecNPAC—-ENDF/B-VI code system for neutron
transport below 14.5 MeV, with corresponding low energytphgroduction.

use the M\Rs default neutron transport, for neutrons in the 0.00215 el4t6 MeV
energy range, using the 28-group neutron cross-sectioaryiwith no low-energy
photon treatment.

Switch on the mathematical expectation method to accumudsilts for transported
particles: probabilities are used to tabulate fluence,dsasity, particle spectra and
the calculations for dose equivalent, rather than usingattadog method to directly
tabulate particle contributions. This option is very poiukfor “deep penetration”
problems,i.e. thick shielding; however, it can substantially increase @PU-time
per history, for example, when the neutron cutoff energyeisw a few MeV, and in
presence of magnetic fields. It is recommended to conduacbra &t to evaluate an
efficiency of this option for a given application. See Setfi§.] for more discussion.
Note that results for direct energy deposition and relatddes are not affected by
this flag.

use the default analog method for tabulation of resultsasfdported particles; appro-
priate for geometries which do not model thick shielding.

switch on forced nuclear interaction ('point target modethe incident primary
hadron or heavy ion interacts, with a certain probabilityhva point-like target placed
in the system at coordinates( yo, zo). The probability is specified by tHeFF vari-
able associated with théARS data card. The material index for this target is defined
by user in theBEGL subroutine. If not, it is determined automatically at thitiah
point zg, yo, zo (seel NI T card).l M=1 is used if this point belongs to vacuum. This
switch also forceg:-decay when the primary is @ (variablel Oin thel PI B card
= 7 or = &), without v-transport turned on. This switch is typically used for miede
of muon accelerators.

no point-like target, and no forceddecay foru primaries.

switch on neutrino beam and transport, for botprimary beam and from 7= and
1 decays. This switch is typically used for models of muon kegors, not for
conventional neutrino beams.

no neutrino beam and transport.

initiates the use of special algorithms (as referenced $7[180]) to construct ex-
tremely accurately the particle trajectories prior to thstfiwo inelastic nuclear in-
teractions. The current default algorithm now providesdame level of accuracy,
therefore this option is obsolete.

switch off the above algorithms.

Default. The flag activates muon transport with all possibteraction processes
included (see Sectidn_I3.2 for details).

turns off muon transport.
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| ND(11) =T
| ND( 11) =F
| ND( 12)

| ND(13) =T
| ND( 13) =F
| ND( 14) =T

| ND( 14) =F
| ND( 15) =T

| ND( 15) =F
| ND( 16) =T

| ND( 16) =F
| ND(17) =T

| ND( 17) =F

| ND( 18) =T
| ND( 18) =F
| ND(19) =T
| ND( 19) =F

adds thep— dimension to the Standard-f) Geometry zones, giving an azimuthal
structure to the accumulation of the results. The user npestify the number and
size of the azimuthal zones via tNeZMandAZ| Mdata cards.

no azimuthal divisions in the Standard Geometry zones.

reserved for the point-kernel option to calculate residadioactivity with routine
MARACT; hot implemented in this version.

switch on the use of the Mb-MARS beam line buildemmBLB interfaced with the
MAD lattice description, and define histograms, using usercsiimes MARS2 BML
andBM_2MARS.

MMBLB is not activated.

User subroutines\Ll GN, SAG T andRFCAVT are called by the MRS geometry
description software modules.

The above subroutines are not called.

Enables a “global parameter set for thick shielding”. Thecmsists of various
physics options, energy thresholds, and tabulation optranich are collectively ap-
propriate when modeling thick shielding. Setting this flag provide asubstantial
CPU-time saving for models of thick extended shielding. Pphdicular parameters
and their settings are given in Talble 6. As with all similastal settings, any of the
individual parameters in this set can be re-set, globallpospecific materials, using
the appropriate input deck parameter. This mode is espep@herful if used in con-
junction withl ND( 6) =T with the neutron threshold ener§NEU > 10~ GeV. Be
careful with usingl ND( 6) =T in this mode if the neutron threshold eneigyNEU
is below10~* GeV, because of a possible substantial increase of the @RUper
history. As always, do a short timing test first.

The above items in the "global parameter set for thick shigltdare set to standard
MARS defaults.

MCNP style geometry description is used, via entries in Mi&NP section of the
MARS. | NP file, and withl ND( 5) =T.

MCNP geometry description is not used.

Enables algorithms for accurate modeling of DisplacenpemtAtom (DPA) dis-
tributions and histograms. These algorithms are valid dginthe threshold ener-
gies of charged patrticles in matt&VCHR andEM EL and corresponding material-
dependent values of tHdfCH and MTEL cards, are beloww DP A, = 0.005 GeV.
That is why the threshold energies for charged particles@aneerted tak D P Ay, if
they exceed® DP Ay, andl ND( 17) =T.

The DPA algorithms are not activated, and DPA distributiand histograms are not
calculated.

Not used currently.

Not used currently.

Enables th&koOT system geometry and visualization mode.

TheROOT system geometry and visualization mode is not activated.

4.2.2 RunControl -CTRL, RZVL, NEVT, SEED, SM N, VARS, UCTR

CTRL

IVIS TEVT IVOL IH S | DTR

Integer variables which control running modes: the normahté Carlo session, GUI visualiza-
tion mode, “stand-alone” event generator mode, and voluah®iation mode. Each of these is
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Table 6: Values of parameters set by usinglth®( 15) switch.

Process or Parameter

| default setting

| I ND(15) =T setting |

Charged hadron multiple Coulomb scatterin

gAlways on

On for 1%¢ 3 generations of]
cascade tree

showers

with modeling of induced electromagnetic

Charged hadron nuclear elastic scattering @tlways on On for 1°¢ 3 generations of
E > 5GeV cascade tree
Knock-on electron production by hadronsAlways on On for 1%¢ 3 generations

of cascade tree, continuous
dE/dx after

Knock-on electron production by muons withAlways on On for muons withE / E0 >
modeling of induced electromagnetic showers 0.2, continuousiE /dx after
Direct eTe~ pair production by muons with Always on On for muons withE > 5
modeling of induced electromagnetic showers GeV andE/E0 > 0.2, con-
tinuousdE/dx after
Global cutoff energies:
Charged particles 0.1 MeV the larger of 3 MeV and the
user-defined value
Photons 0.1 MeV the larger of 1 MeV and the

user-defined value

Value for boundary localization variab&¥ E-
PEM(seeSM N card)

User-defined,
typically 0.01cm

larger of 0.3 cm and usef
defined

NEVTYPE evaporated particle types 17 6
LAQGSMmode Optional Always off
KEM NCL parameter for EMS control 10 0

REL EMS parameter for EMS control 0.1 0.3
LEMSGL parameter for EMS control Optional 0

I I FLUGparameter for EMS control Optional 0

independent and they cannot be used concurrently. Detailssimg the GUI visualization in-
terface are in SectionIL2, and details on using the eventrgi@ndn stand-alone mode are in
Sectior5.P.

VIS When! VI S=0, MARS will run in it's normal simulation mode. If VI S=1
then themARS GUI interface is activated. No events will be generated, and
the GUI X-window will pop up when the executable is run. The size of the
GUI window is defined interactively in an dialog menu. DefaQl

If | EVT>1, then regardless of the valueld¥l S, MARS will run in it's stand-
alone event generator mode. The primary particle energyhyaelare spec-
ified using theENRG and | PI B cards, and these interact on nucleus type
| EVT=I M wherel Mis the index of the selected material as listed in the
MATER. | NP file. The generator is run foONSTOP events as given in the
NEVT card. Default: O.

If | VOL=1, then regardless of the valuelo¥l S or of | EVT, MARS will run

in volume calculation mode. It will generate coordinateshimi the values
set by theRZVL card, and probe the boundaries of the zones defined within
that space, tallying the volumes of those zones. The regaligto an out-
put file VOLMC.NON in the format ready for inclusion into theer routine
VFAN. Statistical errors for the calculated volumes are alstuded to see if

a number of eventSVTRI AL is sufficient to get a good estimate of the zone

| VOL
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IH'S
| DTR

volumes. This mode is useful to obtain the volumes of oddipsi objects.
As discussed in Sectiohs 4.P.5 5.44m8 must know the volumes of all
zones to be able to calculate results such as particle flufaule0.

Currently not used.

If | DTR=1, then theDETRA code [4,5] is called to solve decay and trans-
mutation equations for all nuclides generated in the maltespecified by the
NCLDandl MNCcards. After such ®ARS run is done, the corresponding out-
put files are processed by running thers executable again withDTR=2.
Default: 0.

RZVL R1 R2 Z1 Z2 NVTRI AL | VOLBML

Variables which define a cylinder containing zones (nonddad,MCNP, extended or overlaped),
whose volumes a user wants to have calculated. By defaaltifinder is the mother Standard
zone, but in general one should define a smaller cylinderrar@pecific regions to get better
statistics. If the overall geometry is large and containsyrsamnaller non-standard zone objects at
large distances from each other, it is recommended to rweraleshort jobs defining the cylinders
surrounding different zone groups. Statistical RMS eriothe volume calculation are printed in
the VOLMC. NONfile and can be reduced by increasiNgTRI AL. Typically it takes a few tens
of seconds on a typical workstation to get the above ern©0i86 with NVTRI AL of the order of

a few millions.

Rl, R2,

NVTRI AL

| VOLBML

Z1, Z2 Real variables for minimal and maximal radii anetoordinates
of a cylinder which contains the non-standard regions whodemes need
to be calculated. Default: ORMAX, ZM N, ZMAX, the size of the mother
Standard zone .

Integer or real variable equal to the number of events to muhis volume
determination session. Defaulty”.

Integer variable defining the coordinate system the voluabeutation cylin-
der defined in. I VOLBM_=0 then the global coordinate system is used. If
| VOLBM_=1 then the beamline coordinate system is used WWNB( 13) =T.
Default: 0.

NEVT NSTOP NTI ME NH PR NI TRMX | PRI NM NBEGRND

Integer variables which control the number of events to muh@rint, and control the printout of
a given history and of nuclear cross-sections.

NSTOP

NTI MVE

NH PR

the number of events to generate (equals incident partibtesvn). Can be
integer or real in the intervdl < NSTOP < 2 x 10'6. Default: 200.

the number of times user routim@JVMP will be called. Each call writes in-
termediate results to thBUVP file. Recommended: 10. Default: 0. Use-
ful to keep track of the session in a standard Monte Carlo siwell as
in the event generator EVT > 1) or volume Monte Carlo [VOL =
1)sessions. INTI ME=- 1 then a fileTRACKFI RST is generated which con-
tainsz, y, z, dcx, dey coordinates and direction cosines of the first track, use-
ful for beam-line studies.

an event number which will be written in great detail to ilRACK. PLOT (if
NWEGH=18 on theTAPE card) and to filé ort . 30. If NHI PRis negative
then the event number of the current event being generafechigd to the
screen, starting with event numbérabs ( NHI PR) . Default: 0.
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NI TRVX

| PRI NM

NBEGRND

the maximum event number for which tA&RACK. PLOT file is generated.
Default: 1000.

If 1 PRI NM=L1 then detailed tables of hadron and photon nuclear cross-
sections, as well as electromagnetic energy l@g5dx, are printed to
MARS. OUT, for each material in the model and as a function of energy. De
fault: O.

If NBEGRND>1 then the random number generator is caMBiEGRNDtimes

at the very beginning. This is found to be useful in some apfibns. Note
that the main control of the random number sequence is danth&SEED
card. Default: 0.

SEED | JKLI N NTOTI N NTOT2N

Integer variables to initialize the random number generatad to track how many random num-

bers are used.

I IKLI N

NTOTI N
NTOT2N

The initial 64-bit seed. The integer entered is assumed i betal, therefore
no digit should be greater than 7. Default:54217137; skidteple:64217136.

Default: O
Default: O

SM N STEPEM STEPH

Real variables specifying global boundary localizatioagmsion and pilot step lengths. The pro-

gram tracks particles in line segment steps (see discuss®ectior[3.B. The pilot stesTEPH
is used initially if it is smaller than that defined from physiand magnetic field criteria; if within

that step, the zone number changes, then the program waltetback and forth, in smaller and
smaller steps, to locate the boundary between the zonebdtimlary is located exactly, without
iterations, in the Extended Geometry mode). The minimura efzhese iterative steps is given

by STEPEM The larger the step lengths, the faster the code will rubabauracy is affected
if the step lengths are so large that smaller size zones letowisible”. One can, however,

specify fairly large (or small) step lengths here, and theplyasmaller (or larger) step lengths
to particular materials via variables assigned toMi&MandMTI'SH cards. See the example in

Sectiol4.313.

STEPEM

STEPH

The global parameter, iem, for the accuracy of boundary localization in the
particle transport algorithm. It is strongly recommendedi¢fineSTEPEM

to be no larger thaf.1 x t,,;,, wheret,,;, is the smallest dimension of the
smallest zone in the model. Default: 0.01

The global pilot step length, iem. While making the value large has a modest
effect on the time per event log(STEPH/STEPEM. The recommendation
is to setSTEPH= min(\, 1), where) is the mean inelastic length for hadrons
and! is the length of the zones of interest, in the direction winast particles
pass through those zones. Default: 10 cm.

VARS EFF DLEXP TEMPO Al NT

Real variables which control miscellaneous aspects of theefn

EFF

The point-like target efficiency, which is active only whéiND( 7) =T,

0 < Abs( EFF) < 1. This provides a forced nuclear inelastic interaction of a
primary beam, ifEFF > 0. This provides a forced nuclear sampled inelastic
or elastic interaction of a primary beamBFF < 0. Default: 0.
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DLEXP

TEMPO

Al NT

An exponential transform factor, which allows an increaBEXP>1)

or decreaseLEXP<1) in the effective hadronic mean free path’ =

A x DLEXP. This feature is useful where the “deep penetration”
problem applies, and for compact restricted models. Recamdation:

0. 3<DLEXP<3. Default: 1.

The initial temperaturdy, in Kelvin, of the model for all zones. It can be
overwritten for the specific materials in thATER. | NP file. The allowed
range isl.8 < Ty < 1800. Default: 300.

The number of particles)Vy, in a given pulse of beam, which is used for
two types of normalization. The format #=1. 0el2. The units for the
value are different for temperature rise results than foeotesults, so use
caution when examining output results. For instantaneemgpérature rise
due to beam, thetv, is assumed to be the number of particles in a single
instantaneous pulse. For all other results - contact rabkitlise, power den-
sity, radiation damage (DPA per year)Ny is assumed to be an average beam
intensity in particles per second. Defaulé:'2.

UCTR | CTR( 10)

Integer variables for arbitrary control in user routines.

| CTR

The array containing ten integer numbers (negative, pesir zero) which
can be used in user routines for arbitrary control. Mostulsefthe following
routines:BEGL, FI ELD, LEAK, VFAN, TAGPR, WRTSUR. A COM-
MON block /BLICTR/ICTR(10) is inserted in these routines. Defaul:« 0.

4.2.3 Beam & Energy Thresholds+ PI B, BEAM | N T, ENRG

IPIB 10 | BEAM | ZPRJ | APRJ]

Integer variables to specify the incident particle type,ititident beam distribution and the charge
and mass for incident heavy ions. If thBEAMvalue is non-zero, then the parameters of the pro-
file are defined using thBEAMcard. Use these variables for simple, uniform beam dididhs.
More complex primary beam distributions must be modeledhgauser subroutinBEGL.

10

| BEAM

The incident particle type; see Table 2 for the index valsssgaed to various
particles. Defaultl, proton.

The type of incident beam distribution, given by one of therféollowing
values. Default: 0.

-1 — laterally and longitudinally infinitesimal beam.

0 — “a diffused track”: the beam is distributed uniformly ilax +10-° cm
around variableXI NI, YI NI, ZI NI inthel NI T card, default.

1 — the beam is distributed uniformly in a rectangular are&aif-size as
specified by variableSI XX SI YY in the BEAMcard.

2 —the beam has a simple Gaussian distribution wjtndo, specified by
SI XX SI YY in the BEAMCcard.

3 — the beam has a Gaussian spatial distribution, as B&AM=2, and also
has a Gaussian angular spread with,.) ando (6, ), in radians, specified by
variablesSI TX SI TY in theBEAMcard. This angular spread will always be
diverging, however. Focused beam trajectories must be leddé the user
subroutineBEGL .
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| ZPRJ
| APRJ

Integer electric charge of the projectile if it is heavieai He. Default: 1.
Integer mass (baryon) number of the projectile if it is heathan® He. De-
fault: 1.

BEAM SI XX SI'YY SITX SITY DLBNCH

Real variables used to specify they, = beam shape around initial values from thiel T card.
The first four variables are active only for non-zero valué$ BEAMin the | Pl B card. The
default for each i$).0.

SI XX

SIYY

SITX

SITY
DLBNCH

INIT XINI

For | BEAMEL, the half-size inxz of a uniform retangular beam; for

| BEAME2, 3, theo, of a Gaussian beam. Both in cm.

For | BEAMEL, the half-size iny of a uniform retangular beam; for

| BEAM=2, 3, theo, of a Gaussian beam. Both in cm.

The gaussian angular sprea,. ), in radians; used only whdnBEAM=3.

The gaussian angular sprea@, ), in radians; used only whenBEAM=3.

The RMS bunch length, of a Gaussian beam in cm (30 cm = 1 ns). If pos-
itive, it specifies a Gaussian longitudinal distributiomwrd ZINI. “sam-
ple z-position and clock start aroungg = 0”. Be sure thatZ MIN <
ZINI —6 x DLBNCH. If DLBNCH < 0, then the code generates the
initial particle time distribution from a Gaussian distriton with < ¢ >= 0
and o derived fromabs(DLBNCH): “sample clock start only”. The-
coordinate of the initial particle is unchanged:= ZINI. Corresponding
time-of-flight distributions in all detectors are natuyadiffected in both cases.
Note that all the MRS versions before July 27, 2005, had just a positive
DLBNCH as abeam RMS bunch length (cm) to generate a Gaussian time
distribution with< ¢ >= 0 with the unchanged initial z-coordinate. The cur-
rent version prints on screen parameters of several firggies, so, one can
always control the initial conditions.

YIN ZINl DXIN DYIN DZI N W NI T

Real variables used to specify the initial starting poird direction cosines of the incident beam.
In particular, if the starting point of the users model is meto, as given by variablELEFT

in the ZM N card, then the starting point of the primary should be adpistppropriately. Use
these variables for simple beam descriptions. More compilgrary beam trajectories must be
modeled via the user subroutiB&EGL .

XIN, YIN, ZI Nl These are initiakeg, 19, z9 coordinates of the beam spot center.

Default:0.0,0.0, 0.0, in cm.

DXI N, DYI N, DZI N These are initial direction cosines of the beam centroid.- De

WNT

fault: 0.0,0.0,1.0

The initial weight of each incident particle, which the riksware normalized
to. Beware of interference between this value &hdNT in the VARS card,
which also affects normalization. An often-used example\§ NI T=d/\;,,
when the point-like target efficiendg-F=1 on theVARS card; herel is the
target thickness, ang;,, is an nuclear inelastic mean free path of the beam
hadrons in the thin target material. Beware of interferdmeigveen this value
andAl NT in the VARS card, which also affects normalization. Defauli.

ENRG EO EM EPSTAM EMCHR EMNEU EM GA EM EL EMNU EMEVAP
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Real variables which specify the incident particle eneagy the thresholds in matter for subse-
quent generated particles. In most cases, generatedgautiitl not be tracked once their energy
is below the threshold, and their contribution to flux andrgpealistributions will no longer be
counted; exceptions to this are noted below. These thrdstawk global - applied to all zones;
material/zone specific thresholds can be specified usirighlas assigned to tHel CH, MTNE,
MIGA, and MTEL data cards. The minimal threshold energyiés 2 GeV for neutrons,10~°
GeV for charged hadrons, muons and heavy ions,1and GeV (default) ori0—¢ GeV (EGS5
mode) for electrons and photonNote that for accurate calculation of energy deposition the
user must keep all the threshold energies below 0.0145 GeVhe&y can be arbitrary high if
one studies fluxes, spectra, yields, star densities etc.,tlthe code issues a warning on screen
and - in most cases - disregards patrticles falling below a tleshold energy if it is greater than
0.0145 GeV

EO The incident particle kinetic energy (kinetic energy pecleon for incident
heavy ions). It must be 1072 GeV for neutrons10~¢ GeV for charged
hadrons, muons and heavy ions, did* GeV (currently) for electrons and
photons. Defaulti00.0 GeV.

EM The hadron threshold energy. This parameter induces eliffdsehaviours
for settings above or below the default. Defadlf145 GeV. For values less
than the default, the threshold affects only flux and speeibalation, and
not energy deposition. For example?)'s decay and deposit their energy as
~'s at their point of generation, and this process will be niedeven for
70s below theEMsetting. For values greater than the default, however, the
threshold value becomegobal, and is applied to all particles and not just
hadrons. In this case, energy deposition will be affected,al flux results
biased, but the CPU-time will have decreased significantljis feature is
useful in models which study shielding configurations, vehstar density is
the main result of interest. For such modéts/should be set to 0.03 GeV,
which is the standard star production threshold.

EPSTAM The star production threshold kinetic energy. Default303&V, which is the
standard definition of a star.

EMCHR The threshold energy applied collectively to muons, heawg iand charged
hadrons. The smallest possible value in the current verisidd—% GeV.
Default: 0.001 GeV.

EVMNEU The threshold energy for neutrons. The smallest possilileval0~'? GeV.
Default: 10~* GeV

EM GA The threshold energy for. The smallest possible valuel8~* GeV in a de-
fault non-EGS5 mode and)~% GeV in the EGS5 mode. Defaultd— GeV.

EM EL The threshold energy fart. The smallest possible value 19—* GeV in
a default non-EGS5 mode and—% GeV in the EGS5 mode. Defauli: x
10~ GeV.

ENMNU neutrino energy threshold. The smallest possible value(§ GeV. De-
fault: 0.01 GeV.

EMEVAP  The minimal energy for pre-equilibrium and evaporation elod), which is
turned off f EMEVAP>0.2 GeV. Affects nucleons only. Raising this value can
substantially reduce CPU-time in models with highmaterials. For example,
if one is mainly interested im or  production this value can be safely raised
to. Default:0 GeV.
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4.2.4 Materials and Material-Dependent Settings MATR, MICH,
MINE, MIGA, MIEL, MISM MISH, MIQG MIEG LEMS, BIDC, BIPR, BIBH,
Bl GV, BI AN,
Bl GA, BI EA, BI AP

As mentioned in the previous section, the user declares mhtgrials are present in his simulation in the
input file (for exampleMATER. | NP) whose name is defined in the input fMBRS. | NP on theMATR card.

MATR MATER. | NP

A character string (up to 32 characters) which specifies éneenof the materials file. An example
of such a file is given below. First line is a task name. Next berad cards (or blocks) describe
materials for the given task. For built-in materials, edok includes their name (and density if
different from that of Tables 3 and 4). For other (arbitrangterials, the numbered card contains
the material name, density and the number of elemiBts. The initial temperaturéemp, in
Kelvin, can be specified for any material — if different from the glotne7T £ M PO of theVARS
card. Just add, for examplemp = 4.2, at the very end of the corresponding material numbered
card (see example below). The allowed range currently isal 100K . Default: TEM PO =
300. The numbered material card wiEL is followed byNEL cards with atomic mass, charge
and weight fraction for each element. The last functionall ceSTOP, cards after it are ignored.
The number of numbered cards defines the total number of isatdREMA in the model.
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mL514 material s exanpl e 12/ 18/ 13

1 AL tenp=4.2

2 'VAC

3 'WATR

4 ' QUAR 2.64 tenp=70.

5 ' BCH2’

6 ' Al um ni um honeyconb’ 0.05114 5 tenp=293.

26. 98000 13. 00000 0.97670
14. 00700 7.00000 0.01746
15. 99900 8. 00000 0. 00552
39. 94800 18. 00000 0. 00030
1. 00794 1. 00000 0. 00002

7 ' CONC

c ldentical to material #4:

8 "Quartz = QUAR 2.64 2
15.9994 8. 0.5325651
28.0855 14. 0.4674349

C NREMA=8 in this exanple
STOP

5 "Borated poly=BCH2 inmplicit rho 0.95 5
1.00794 1. 0.116

10. 5. 0.00945
11. 5. 0. 04055
12. 0110 6. 0.612
15.9994 8. 0.222

TheNREMA value defines to the program the number of active array elenirethe variables assigned
to theMrCH, MTNE, MTEM MT'SM MT'SH, MTQG, MTEG, LEMS, BI DC, Bl PR, Bl BH, Bl GV, Bl AN,

Bl GA, BI EA, Bl AP data cards. The special materi@lyckhole is not included in the total number.
Materialblackhole is tagged with a negativeMmaterial index value; use of this material in conjunc-
tion with user subroutine EAK is described in Sectidn 5J11. The global vacuum, tagged lignah
index| M= 0, is also not included in the total number of materials. Thdgl vacuum has global step
sizes and global energy thresholds applied. If the userasist control these parameters in certain
vacuum regions, then the built-in materigAC should be declared in tHdATER. | NP file, and then
the material-dependent cards can be utilized.

Each of the materials has an index<IIMK NREMA, following the number (order) assigned in
MATER. | NP. The material-dependent energy thresholds, and stegheimgtheMr CH, MTNE, MTEM
MI'SM MTI'SH data cards use the sarh®index. Reminder: for accurate calculation of energy de-
position the user must keep all the threshold energies belo®.0145 GeV!

Materials can be single elements or complex compounds.e3Bblnd} list all the elements and
built-in compounds used hyARsS, with their identifying abbreviations. These abbreviaiare the
character strings to use MATER. | NP

A particular material can be listed more than once, for cagesreMARS variables applied to that
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material need to have different values in different regiohshe geometry. For example, a model
might have both steel shielding and thin steel vacuum pipi, $pecified as materi&E. For the steel
shielding, a larg&STEPEMand STEPH could be specified, using the global step control parameters
assigned to th&M Ncard. The thin steel pipe could have a smaller step parasapglied, by using
theMI'SMandMT SHcards. The materidE would be listed twice so that tWloMindexes are assigned.
The shielding zone and the pipe zone would have a differet¢nadl Mindex assigned, so that the
appropriate step length properties get applied by the c®de.the example in Sectibn413.3.

MICH RLCTCH( 500)

Real variables giving the charged hadron, heavy ion and reaergy threshold applied only to
specific materials. They must be less than 0.0145 GeV if oskesito calculate energy deposition
correctly. Any material which does not have a correspondinggy here will have the global
threshold applied as the default, with the value given byENEHR variable in theENRG data
card.

RLCTCH The values for the energy thresholds, indexed bythe order (numbers) the
materials are listed in theATER. | NP file.

MTNE RLCTNE(500)

Real variables giving the neutron energy threshold apmidyg to specific materials. They must
be less than 0.0145 GeV if one wishes to calculate energysd@po correctly. Any material
which does not have a corresponding entry here will have tbleagthreshold applied as the
default, with the value given by tHEMNEU variable in theENRGdata card.

RLCTNE The values for the energy thresholds, indexed bythe order (numbers) the
materials are listed in theATER. | NP file.

MIGA RLCTGA(500)

Real variables giving the electromagnetic energy threkHol ~, applied only to specific mate-
rials. They must be less than 0.0145 GeV if one wishes to lz&energy deposition correctly.
Any material which does not have a corresponding entry hdtdnave the global threshold ap-
plied as the default, with the value given by el GA variable in theENRGdata card.

RLCTEM The values for the energy thresholds, indexed bythe order (numbers) the
materials are listed in thRATER. | NP file.

MIEL RLCTEL(500)

Real variables giving the electromagnetic energy threklot e, applied only to specific mate-
rials. They must be less than 0.0145 GeV if one wishes to [z&energy deposition correctly.
Any material which does not have a corresponding entry hdtdnawve the global threshold ap-
plied as the default, with the value given by &kl EL variable in theENRGdata card.

RLCTEM The values for the energy thresholds, indexed ©ythe order (numbers) the
materials are listed in theATER. | NP file.

MI'SM RLSTEM 500)

Real variables giving the step length for boundry locaiagtapplied only to specific materials.
Any material which does not have a corresponding entry héliehave the global step length
applied as the default, with the value given by 8\EEPEMvariable in theSM Ndata card. The
recommendation for the value of this parameter is the sardesasibed for th&TEPEMvariable.

RLSTEM The values for the step lengths, indexed By the order (numbers) the mate-
rials are listed in th&/ATER. | NP file.
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MI'SH RLSTEH(500)

Real variables giving the pilot step length, applied onlgpecific materials. Any material which
does not have a corresponding entry here will have the glpit@l step length applied as the
default, with the value given by tHe&TEPH variable in theSM Ndata card. The recommendation
for the value of this parameter is the same as describedd@TEPH variable.

RLSTEM The values for the step lengths, indexed iy the order (numbers) the mate-
rials are listed in th&/ATER. | NP file.

MIQG | LAQV( 500)

Integer variables that allow the choice of the inclusive ardusive event generators at nuclear
inelastic interactions (see the&CEMdata card), applied only to specific materials. Any material
which does not have a corresponding entry here will havelttmgswitchl QGSMapplied as the
default (see thé CEMdata card).

Forl LAQV i) =0, exclusive modeling with the CEM code is donefak 3 GeV, the MARS
inclusive model is used aF > 5 GeV, and mix-and-match between these two models is
used at3 < F < 5GeV. If A < 3 or £ < 0.02 GeV, the LAQGSM code instead of the
CEM code is used above. LAQGSM instead of CEM is always usedpifojectile particle is
7, K*.,d,t,3 He,* He, 7, hyperon or heavy ion. This mode is most suitable for shigjdipe
simulations.

Forl LAQVi ) =1, exclusive modeling with the CEM code is donefak: 0.3 GeV, mix-and-
match between CEM and LAQGSM is usedl&@ < E < 0.5 GeV, exclusive modeling with
LAQGSM is done ab.5 < E < 8 GeV, mix-and-match between LAQGSM and the MARS in-
clusive modelis used 8t< E < 10 GeV, and the MARS inclusive model is usedrat> 10 GeV.
LAQGSM instead of CEM is used under the same conditions aseiptevious mode. This set
is default and recommended for majority of applicationgjuding particle production, energy
deposition, heavy-ion projectiles, nuclide inventoryl &PA at energies below 8 GeV. It is obvi-
ously more CPU-time consuming than the previous one.

| LAQM i) =2is currently disabled. It is automatically converted toAQMi ) =3.

For | LAQM i ) =3, exclusive modeling with the LAQGSM code is performed férmaclear
inelastic interactions from 8 GeV to multi-TeV energiesthwthel LAQM i ) =1 mode utilized

at energies below 8 GeV. It is the most CPU-time hungry mode.

Default:1 LAQV(i ) =1.

| LAQM  The values for the model switch, indexed bl the order (numbers) of the
materials are listed in thiATER. | NP file.

MIEG KEM N(500)

Integer variables that control the inclusive and exclusies in electromagnetic shower verti-
cies as well as im — ~ and other neutron interaction verticies (while in henP mode) (see
the PHOT data card), applied only to specific materials. Any matesibich does not have a
corresponding entry here will have the global swittEEM NCL applied as the default (see the
PHOT data card). FOKEM N(i ) =0, the inclusive mode is used for all electromagnetic shower
verticies. FOIKEM N(i ) =-1, exclusive modeling is done for all electromagnetic skiowerti-
cies; five EMS bias keys (see tB¢ AS data card) are automatically converted to -1, i.e. to the
exclusive mode. FAKEM N(i ) = N >1, exclusive modeling is used for the filStgenerations
and inclisive one for remaining higher generation levelthefelectromagnetic shower.

KEM N The values for the model switch, indexed b the order (humbers) the
materials are listed in thiATER. | NP file.
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LEMS LEMS(500)

Integer variables that control the use of thes5 code for precise exclusive modeling of elec-
tromagnetic showers (EMS) in the 1 keV to 20 MeV energy ramgsied only to specific mate-
rials. Any material which does not have a correspondingydmre will have the global switch
LEMSGL applied as the default (see tBBST data card). If theecss mode enabled and anything
was changed in th®ATER. | NP file, be sure that all egs5job.* and pgs5job.* files were @elet
from this directory before running a job with the modifieTER. | NP file.

ForLEMS( i ) =0, the nativeuARS module is used for EMS at all energies. E&VS( i ) =1, the
EGS5 module is used belo®GS5PHandEGS5EL. ForLEMS( i ) =2, theeGss module is used
below the material-dependent photon-neutron productioesholds; for example 0.018 GeV in
beryllium and 0.006 GeV in uranium. FREMS( i ) =3, the use oEGs5 module is forced at all
energies up to the beam energy.

LEMS The values for the model switch, indexed b the order (hnumbers) the
materials are listed in theATER. | NP file.

Bl DC RLDEC( 500)

Real variables for unstable particle decays, applied angpecific materials. Any material which
does not have a corresponding entry here will have the glodrameter applied as the default,
with the value given by th@Pl KDEC variable in theBl AS data card.Currently, the global
parameter PPl KDEC overwrites any values given on this card and is applied to alinaterials.

RLDEC The values for the unstable particle decay control, inddxetlM the order
(numbers) the materials are listed in &TER. | NP file.

Bl PR RLPRM 500)

Real variables specifying the parameters of the inclusmeé¢d) prompt muon production in the
inelastic nuclear interaction vertex, applied only to $ii@enaterials. Any material which does
not have a corresponding entry here will have the globalrpatar applied as the default, with
the value given by thMJPRMT variable in theBl AS data card. Values of thBLPRMarray
specify prompt muon production modelling. It is forced wiitie appropriate statistical weight at
RLPRM i) = 1, forced with the Russian roulette at 0.08IRLPRM i ) < 1, or suppressed at
RLPRM i) = 0. Default: 0.05.

RLPRM  The values for the prompt muon production control, indexgtl i the order
(numbers) the materials are listed in &TER. | NP file.

Bl BH RLBEH( 500)

Real variables specifying the parameters of the inclusoreéd) Bethe-Heitler muon production,
applied only to specific materials. Any material which doethmave a corresponding entry here
will have the global parameter applied as the default, whiih ¥alue given by thMUBEHE
variable in theBl ASdata card. Values of teL BEHarray specify Bethe-Heitler muon production
modelling. It is forced with the appropriate statisticaligie at RLBEH(i ) = 1, forced with
the Russian roulette at 0.061 RLBEH(i ) < 1, modelled exclusively aRLBEH(i ) = -1, or
suppressed eRLBEH(i ) = 0. Alternatively, the Bethe-Heitler muon production @&ection
can be increased 1 to 500 times with -580RLBEH(i ) < -1; an appropriate correction to a
statistical weight assures correct results. It is autarabyi set to -1 forKEM N(i) = -1. For
exampleRLBEH( i ) =0.03 is recommended for most of the high-energy muon eolbchd LHC
applications. Default: -1.

RLBEH The values for the Bethe-Heitler muon production contradeixed byl M the
order (numbers) the materials are listed in M8 ER. | NP file.
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Bl GV RLGVM 500)

Real variables specifying the parameters of the includiwec€d) muon production via vector
mesons generated in photo-nuclear reactions at 1.5 GeV when ND( 10) =T, applied only

to specific materials. Any material which does not have aesponding entry here will have the
global parameter applied as the default, with the valuengbyethePMJGVMvariable in theBl AS
data card. Values of thBLGVMarray specify muon production via vector mesons modelling.
It is forced with the appropriate statistical weightRUGVYM i ) = 1, forced with the Russian
roulette at 0.00K RLGYM i ) < 1, modelled exclusively &LGVM i) = -1, or suppressed at
RLGVM i) =0. Itis automatically setto -1 fd{EM N(i ) =-1. Default: 0.02 when the primary
beam particle is photon, electron or positroé® = 9, 10 or 11 on thé PI B card), otherwise it is
0.005 atEy > 20 GeV, or 0 atF < 20 GeV.

RLGYM  The values for the control of muon production via vector nmssindexed by
| M the order (numbers) the materials are listed inNB&ER. | NP file.

Bl AN RLANN( 500)

Real variables specifying the parameters of the includfweé¢d)ete™ — ptu~ annihillation
events, applied only to specific materials. Any materialcihiloes not have a corresponding
entry here will have the global parameter applied as theuttefaiith the value given by the
PMUANN variable in theBl AS data card. Values of thBLANN array specifyete™ — putpu~
event modelling. It is forced with the appropriate statestiweight atRLANN(i ) = 1, forced
with the Russian roulette at 0.06LRLANN(i ) < 1, modelled exclusively &LANN(i ) =-1,

or suppressed &L.ANN(i ) =0. Itis automatically set to -1 fd(EM N(i ) =-1. Default: 0.03.

RLANN  The values for the control efte~ — p™ .~ annihillation events, indexed by
I M the order (numbers) the materials are listed inNB&ER. | NP file.

Bl GA RLPHN(500)

Real variables specifying the parameters of the includweéd) photo-nuclear events, applied
only to specific materials. Any material which does not hageraesponding entry here will have
the global parameter applied as the default, with the valengoy thePPHNUC variable in the

Bl AS data card. Values of theLPHN array specify photo-nuclear event modelling. It is forced
with the appropriate statistical weightRItPHN( i ) = 1, forced with the Russian roulette at 0.001
< RLPHN(i) < 1, modelled exclusively &LPHN(i ) =-1, or suppressed & PHN(i ) = 0.

It is automatically set to -1 faKEM N(i ) =-1. Default: 0.02.

RLPHN The values for the photo-nuclear event control, indexed by the order
(numbers) the materials are listed in &TER. | NP file.

Bl EA RLELN(500)

Real variables specifying the parameters of the inclusiwe€d) electro-nuclear events, applied
only to specific materials. Any material which does not hageraesponding entry here will have
the global parameter applied as the default, with the valuengoy thePELNUC variable in the

Bl AS data card. Values of tHeLEL N array specify electro-nuclear event modelling. It is fakce
with the appropriate statistical weightRILELN( i ) = 1, forced with the Russian roulette at 0.001
< RLELN(i) < 1, modelled exclusively &LELN(i) =-1, or suppressed & ELN(i) =0.

It is automatically set to -1 foKEM N(i ) =-1. Default: 0.05 when the primary beam particle is
electron or positronl (0 = 10 or 11 on the PI B card), otherwise it is 0.003 & < 300 GeV, or

0 atE > 300 GeV.

RLELN The values for the control of electro-nuclear events, ieddxyl M the order
(numbers) the materials are listed in &TER. | NP file.
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Bl AP RLPBR(500)

Real variables specifying the parameters of the includimeéd) antiproton production, applied
only to specific materials. Any material which does not haveaesponding entry here will
have the global parameter applied as the default, with thee\given by thePPBAR variable in
the Bl AS data card. Values of thBLPBR array specify antiproton production modelling. It is
forced with the appropriate statistical weightRitPBR( 1 ) = 1, forced with the Russian roulette
at 0.001< RLPBR(i) < 1, or suppressed & PBR(i ) = 0. Default: 0.05.

RLPBR The values for the antiproton production control, indexgd b the order
(numbers) the materials are listed in &TER. | NP file.

4.2.5 Standard Geometry Zone Definition ZM N, NLNG ZSEC, NLTR,
RSEC, NAZM AZIM | RFL

ZM N ZLEFT

Real variable — normally used if negatigecoordinates are present — giving the minimum (left-
most) value for the-coordinate. The value can be negative if necessary. Thegtéocation for

the primariesZl NI in thel NI T data card, may be moved to match this coordinate, or placed at
a larger coordinate; this depends on the details of thesusestel.

ZLEFT The left-mostz-coordinate. Default: O.
NLNG LZ NLZ

Integer variables which define the number of major longitatidivisions of thevArRs Standard
geometry zones. See Sectlon4.3.1 for further discussion.

LZ The number of major longitudinal sections described in tbeompanying
ZSECdata card. The allowed range is1Z<1250. Default: 1
NLZ The number of times the major sections described inZBEC card are re-

peated. Active only foNLZ>2. Default: 1
ZSEC ZSE(1250) |2ZN(1250) 12zl (1250)

Real and integer variables which define the locations of thgmongitudinal divisions of the
MARS Standard geometry zones and the number of sub-sections wilch. The materials in
those zones are also specified by this card, whei( 2) =T, which is for az-sandwich type
geometry; see Sectidn 4.B.1 for further discussion. Rémat the discussion in Sectign#.1 that
the three variables of dimension 1250 are mapped onto sesimdy of dimension 3750.

The boundary divisions are contiguous (no gaps) and mussted in ascending order. The max-
imum z coordinate in the modeZMAX, is the right-hand boundary of the last declared division,
or the lastZSE value listed.

ZSE(i) Thez-coordinate (real number) of the right-hand boundary ofitfelongi-
tudinal sectionZLEFT in theZM N data card gives the left-hand coordinate
of the ¥ section. These values occupy elements 1:1250 of the mapsd a
Default: 100., 1249*0.

I ZN(j) The integer number of minor subsections within a given magation. Ele-
mentsj =1251:2500 of the mapped array correspond toi th&:1250 major
sections. Default: 1250*1

I ZI (k) The material index valué Mof each major section. The minor subsections
must be of the same material as their major section. Elenker#501:3750

51



of the mapped array correspond to thel: 1250 major sections. This variable
is active only when ND( 2) =T. Default: 1250*0

NLTR LR

Integer variable which defines the number of major radiakdins of the MARS Standard geom-
etry zones. See Sectibn 413.2 for further discussion.

LR The number of major radial sections described in the accagipg RSEC
data card.. The allowed range iSlR<50. Default: 1

RSEC RSE(50) |RN(50) IRl (50)

Real and integer variables which define the locations of tagnradial divisions of the1ARS
Standard geometry zones and the number of sub-sections wilech. The materials in those
zones are also specified by this card, wh&l( 2) =F, which is for ar-sandwich type geometry;
see Sectio’4.3.2 for further discussion. Recall from tisewdision in Sectioi 4.1 that the three
variables of dimension 50 are mapped onto a single arraynoésion 150.

The boundary divisions are contiguous (no gaps) and musistasl lin ascending order. The
maximumy coordinate in the modeRMAX; is the outer boundary of the last declared division, or
the lastRSE value listed.

RSE(i) Ther-coordinate (real number) of the outer boundary ofitHeradial section.
The inner coordinate of the* section is assumed to be 0. These values
occupy elements 1:50 of the mapped array. Default: 5.0,.49*0

I RN(j) The integer number of minor subsections within a given magmtion. El-
ementg =51:100 of the mapped array correspond toithd:50 major sec-
tions. Default: 50*1

| Rl (k) The material index valué Mof each major radial section. The minor sub-
sections must be of the same material as their major sectiélements
k=101:150 of the mapped array correspond to itkd:50 major sections.
This variable is active only whelnND( 2) =F. Default: 50*0

NAZM NF

Integer variable which defines the number of azimuthal divis of themARS Standard geometry
zones. This card is valid only whérND( 11) =T.

NF The number of azimuthal bins<INF<60. Default: 1

AZI M FI B( 60)

Real variables which give the angular size, in degrees, ci eaimuthal division. This card is
valid only whenl ND( 11) =T andNF>2.

FI B The angular sizes,<OFI B(i ) <360. Default: 60*0.0

| RFL | RFL(3)

Integer variables which control the reflection of the geagndescribed for the positive, y, z-
directions to the negative ones.IIRFL( 1) =1, the geometry description at> 0 is reflected to
the negativer. Similar reflections are done independently §asnd =z directions at RFL( 2) =1
andl RFL( 3) =1, respectively. In the current version, only z-reflecfionthe MCNP geometry is
allowed att RFL( 3) =1. Histograms are not affected by reflections because #resedependent
of geometry.

| RFL The reflection flags. Default: 3*0.
52



4.2.6 Importance Sampling-4 MPT, | MPZ, | MPR

I MPT EI MPT NI MPTZ NI MPTR

Real and integer variables which define the threshold erfergyadron importance sampling and
the numbers of surfaces for that. See Sedfioh 3.9. The sgréawd importances are defined in the
accompanyind MPZ andl MPR data cards. Put these surfaces at large distances fromdiveish
core to examine a deep penetration problem, never in vacuaneocboundary with vacuum.

El MPT The cutoff energy for hadron weight splitting and Russiaoletie. De-
fault: 10* GeV

Nl MPTZ The number of the-planes for hadron weight splitting and Russian roulette,
1<NI MPTZ<10. Default: 0

NI MPTR  The number of the cylindrical surfaces for hadron weighittipd and Rus-
sian roulette 1l <NI MPTR<10. Default: O

| MPZ ZZI MPT(i ), WZI MPT(i),i =1, Nl MPTZ
Real variables which define the importance sampling inztdérection.

ZZI MPT  z-coordinates which define the planes for hadron weighttemgitand Rus-
sian roulette. Place them in the exponential attenuatigromewell beyond
the shower maximumz; < z3 < ... < z19. Recommended\z ~ \;,,
where);,, is a material-dependent inelastic nuclear mean free patiyplcal
thick shielding case use it for neutrons of energy of sevieualdreds MeV.
Default: 10*0.0

WZI MPT  Importance factors at the aboyeplanes which define the factors for hadron
weight splitting and Russian roulette. XKz =~ )\;,, then recommended
WZI MPT(i) ~ e ~2.7. Default: 2.0

| MPR RRI MPT(i), WRI MPT(i),i=1, Nl MPTR
Real variables which define the importance sampling in tdafairection.

RRI MPT  Radii which define the cylindrical surfaces for hadron weigplitting and
Russian roulette. Place them in the exponential attenuaigion at radii
exceeding several;,. r1 < r3 < ... < r19. Recommended\r =~ \;,.
Default: 10*0.0

WRI MPT Importance factors at the above radii which define the factor hadron
weight splitting and Russian roulette. &£r =~ )\;,, then recommended
VRI MPT(i) =~ e ~2.7. Default: 2.0

4.2.7 Histograms and Tabulation -NOBL, RzZOB, NSUR, RZTS, TOFF, NHBK,
HBKE, NCLD, | MNC, NDET, FLOC, TAPE, HTIR, RTIR, CFTD, DPAC

NOBL NOB MHI RFL NHSPE NR1 NZ1 NR2 NZ2 NR3 NZ3

Integer variables which give the number of “speciat-regions in which “RZ-volume type”
histograms will be accumulated, the flag which controls ttwaaof z-histograms, and the type of
scale for spectral histograms. See Sedfion]10.1 for theflidte histograms and their IDs. The
size of the volume of each region is given in the accompaniRngB data card.

NOB The number of “special” regions.<INOB<3. Default: 0
IMHI RFL  Currently not used.
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NHSPE The type of scale for the particle energy spectra histogfanspecial regions
and surface detectordN/dE if NHSPE=0 anddN/d log,, E if NHSPE=1.
Default: 0

NRL1, NzZ1 The numbers of bins in andz directions for the first special region. De-
fault: 120, 200.

NR2, Nz2 The numbers of bins im and z directions for the second special region.
Default: 120, 200.

NR3, Nz3 The numbers of bins in andz directions for the third special region. De-
fault: 120, 200.

RZOB RzQ( 4, 3)
Real values which specify the location and size of each apesgyion. It is currently required that
these values coincide with boundaries of geometry zoneis ceind is valid only ifNOB in the
NOBL card is>1. See Section_10.1.
RZQ(1,i) The minimum radius of thei ** special region, RM (i), where
0<RM <RMAX. Default: 0.0
RzZQ(2,i) The maximum radius of the ' special region, RMA(i), where
RM <RMA<RMAX. Default: 0.0
RzQ(3,i) The minimum (left-hand)-coordinate of the ¥ special regionZM (i),
whereZM N<ZM <ZMAX. Default: 0.0
RZQ(4,i) The maximum (right-hand)z-coordinate of thei ** special region,
ZNMA(i ) , whereZM <ZNMA<ZNMAX. Default: 0.0

NSUR NSURF NTOFF NZH NRH

Integer variables which give the number of surfaces whdrsatface type” histograms will be
accumulated, and whether time-of-flight histograms wialoabe included. See Sectibn10.2 for
the list of the histograms and their IDs. The location of esatfiace is given in the accompanying
RZTS data card. The surfaces must have cylindrical symmetrygbeither circles in the:-y
plane (perpendicular te-axis), or cylindrical shells oriented along theaxis. Time-of-flight
specifications are given in the accompanyir@-F data card.

NSURF The number of surfaces<INSURF<100. Default: O

NTOFF Turns on the generation of time-of-flight distributions &irdeclared surfaces
whenNTOFF=1. Default: 0

NZH, NRH The numbers of bins ia andr directions. Default: 150, 150.

RZTS (RZTSUR(4,i) UNIT(i)), i=1,100)

Four real values which specify the location and size of eactase, and a real giving an optional
unit number for recording the particles crossing each sarfais currently required that these
values (or at least some of them) coincide with boundaries afeometry zones This card is
valid only if NSURF in theNSUR card is>1. See Sectiof 10.2 for an example.

RZTSUR(1,i) The minimum radius of thet" surface, 0.&minimum radiuscRMAX.
Default: 0.0

RZTSUR(2,i) The maximum radius of thet" surface, minimum radiusmaximum
radiuscRVAX. Default; 0.0

RZTSUR(3,i) The minimum z-coordinate of thei th surface, ZM N<minimum
coordinatecZMAX. Default: 0.0

RZTSUR(4,i) The maximum z-coordinate of thei®* surface, minimum
coordinateZmaximum coordinatecZMAX. Default; 0.0
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UNI T(i) A real number (not integer),, to open a file namedoRT.I which holds a
list of all particles crossing thie!” surface. 8Xki <90.. Ifi =0. , then no file
will be created. Default: O.

TOFF TOFM N TOFMAX TOFSHF

Real variables which define the time interval, in secondsttfe time-of-flight spectra accumu-
lated for the surfaces declared by tH8URandRZTS data cards, wheNTOFF=L1.

TOFM N The begining of the time interval. Default: 0.0
TOFMAX  The end of the time interval. Default: 1000.0
TOFSHF A time shift applied to the time spectra. Default: 0.0

NHBK NHBK

Integer variable which defines the number of materials fer“dlobal” energy deposition his-
tograms accumulated for the materials declared byHBIEE data card. There must be at least
one declared material, enteriffiBK 1 into MARS.INP, when user-defined histograms are used,
via the subroutine®HSETU andMFI LL, even if standard histograms are not requested (NOB =
NSUR = 0), and even if the user is not interested in the “globakrgy deposition for the user
defined histograms.

NHBK The number of materiald <NHBK<5. Default: 0.0
HBKE RI Mi), EHM N(i), EHMAX(i), i =1, NHBK

Real variables which defines, correspondingly, the materikex, lower and upper energy de-
position histogram boundaries for the total energy N(ED3\{{deposited in the entire system
(RIM=0.) and in materials with index RIMO for histograms with 1£ID <15. Default: 0.0

RI M The material index0. <RI M<500. . Default: 0.0

EHM N The beginning of the energy deposition interval (GeV). D#fal0~6

EHMAX The end of the energy deposition interval (GeV). Defaulix1E. Note that
for a heavy ion projectile is its total energy.

NCLD NCLD

Integer variable which sets the number of materials onlthBIC card in which detailed 2-D
mass-charge nuclide distributions are calculated, anegsponding input fileSNUCLI DES- | M
for theDETRA code generated. To calculate correctly stopped nuclidssl@h 1 DES- STOP- | M
files for millimeter and sub-millimeter regions, one mustdglobal cutoff energEMCHR or/and
specificMI'CH for materials of those regions listed on th®NC card as low as 1.e-6 GeV. It is
OK to keep corresponding hadron / heavy ion cutoff energsedefault (2.e-4 GeV) for materials
in centimeter-scale and larger regions. In latter casajuymtion yields NUCLI DES- PROD- | M
and stopped nuclide®NUCLI DES- STOP- | M) should be very similar.

Nuclide inventory is calculated correctly withCEM 4=1 (default) for energies below 8 GeV.
If one specifically needs its accurate calculation at higimargies, one should run MARS with
| CEM 4=3. Itis also recommended to use the MCNP x-section mode wiitroie cutoff energy
low (1.e-12 GeV).

NCLD The number of materials on tHaVNC card for nuclide production calcula-
tions. IKNCLD<40. Default: 1.

| MNC | MNC( 40)
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Integer variables which specify the material indicies vehdetailed 2-D mass-charge nuclide
distributions are calculated and nuclide production rdtes ffor DETRA generated. Exam-
ple: IMNC 1 5 14 to calculate and print nuclide production and stopping istfififth and
fourteenth materials with &ICLD card asNCLD 3; six input files generated fabETRA have
names NUCLI DES- PROD- 1 M 1, NUCLI DES- PROD-1 M 5, NUCLI DES- PROD- |1 M 14,
NUCLI DES- STOP- | M 1, NUCLI DES- STOP- | M 5 andNUCLI DES- STOP- 1 M 14 respec-
tively.

| MNC(i) The index of theé * material. Default: 1,39*0.
NDET NDE1

Integer variable which sets the number of point-like detector the spectrum, flux and energy
deposition of low-energy neutrons. The size and locatioeaufh detector is specified by the
accompanyindg-LOC data card. Active only whehND( 5) =F.

NDE1 The number of detector.<NDE1<10. Default: 0
FLOC RD XD(10) YD(10) ZzZDX 10)

Real variables which specify the size and location of eadh@declared point-like low energy
neutron detectors. Active only whémD( 5) =F andNDE1>1.

RD The radius of all declared detectors. Default: 0.5.
XD(i), YD(i), ZD(i) The coordinates of the! detector. Default: 30*0.0

TAPE NWEGH NWANS NVWOL NWPSI  NWNEUN
Integer flags which control the creation of various outpuesfil

NVWEGH Only one of the following files is generated in any single jdbpending on
the value. Default: O
=17 Write aMJON. EGHfile with muon-generated EMS for post-run process-
ing and analysis.
=18 Write TRACK. PLOT file with particle tracks foNSTOP events or for
the evenfNHI PRonly if it is present on thé&EVT card.
=19 Write VERTEX. PLOT file with particle interaction vertices.
=20 WriteMJON. PLOT file with particles generated at muon interaction ver-
tices. Those particles are not transported, while muons are

NWANS When set2, write ANSYS. ED file of energy deposition density to be used
by theaNsYs system. Default: O

NI L When set12, writeEDMI L. GRA graphics-oriented file of energy deposition
density. Default: O

NWPS| When set13, write PSI NEU. GRA graphics-oriented file of neutron
spectra.  When sefl4, write LENEUTRONS file of neutrons with
E <RLCTNE(| M =0.0145 GeV at their origin in material with inddxv
for further transport with a standalone code suchvasip. These neutrons
are not tracked in MRs then, just dumped to the file instead. Default: 0

NWNEUN  When set3, write NEUTRI NO file of generated neutrinos at their origin.
Default: 0. Similar, actually arbitrary, control can be ddn the user routine
MFILL via | DPRC=53 with neutrino origin info viakORI G=1, 16 and
22. A corresponding example is given at the end of the MFILL iroait

HTIR TIRH TI CH
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Two real variables which specify the irradiation and coglitmes for residual dose rate distribu-
tions scored in histograms and regions of MRS, OUT andMTIUPLE* files. Active only when
| ND( 1) =T.

TI RH The irradiation time (days). Default: 30.

TI CH The cooling time (days). Default: 1.

RTIR TIR(7)

Real variables which specify the irradiation times for 2d3idual dose rate distributions scored
in materials of thevVARS. QUT file. Active only whenl ND( 1) =T.

TIR(i) Thei th jrradiation time (days). Default: 0.5,1.,5.,30.,100538300.

CFTD I FTD

Integer variable which specifies the sets for fluence-t@dmmversion and radiation weighting
factors,wgr. The default provides the effective dose ang according to ICRP103 (10 CFR
Part 835) as decribed by J.D. Cossairt and K. Vaziri, Feb¥ite)B-08-244-ESH-REV (Dec.
2008) for neutrons. The effective dose amg for other particles are calculated according to
M. Pellicioni, Rad. Prot. Dos., v. 88 (2000) pp.279-297 aB®RP60. This is for all the “dose
equivivalent” distributions scored in histograms and oegi of theMARS. OUT and MITUPLE*
files. The previous set - based on ICRP51 - is kept for referemzl also used in those (rare)
cases where the modern info is absent.

| FTD The control variable: 0 for the modern definition of the Effee dose, and 1
for the old ICRP51 set. Default: O.

DPAC | DAMVEFF
Integer variable which specifies the defect production iefficy (D PFE) summarized by Broed-
ers and Konobeev, currently for 23 materials at temperdbetew 6.5<. Active only when
| ND( 17) =T for DPA calculations.

| DAMEFF The control variable: 0 for no correctiomPE = 1, and 1 for correction at
low temperatures, currentlyl1 < DPE < 1. Default: 0.

4.2.8 Physics Control -ALMX, BI AS, EMST, | CEM MCSD, MJON, NUFR, PHOT, RZMN

ALMX  ALMAXB( 6)
Maximal angles on a step due to magnetic field.

ALMAXB( 6) First five numbers are real numbers specifying the maximglean(rad)
allowed on a step due to magnetic field for five energy intsnal =
|Ey — E|/Ey: <0.001, 0.001-0.01, 0.01-0.3, 0.3-0.990.99. The sixth
parameter specifies such an angle for unstable particldsifotced decay
mode PPl KDEC>0.001); useful to control forced decays of an unstable par-
ticle beam in long drifts in presence of magnetic field. Somgstments
to the angles are done for all charged particles at low beasrgis. De-
fault: 0.0002,0.001, 0.01, 0.03, 0.1, 0.003.

Bl AS PPl KDEC PMUPRMI PMUBEHE PMUGVM PMUANN PPHNUC PELNUC PPBAR

Variables which provide a global control of biasing in se@mportant processes. Fine tun-
ing of all the biasing schemes is done in user subrolBIn@CK DATA BLPROCESS (work in
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progress). Unstable particle decays are controlled byBIeKDEC parameter and can be mod-
elled either analogously or as forced events with a Russialette. The processes controlled by
the remaining parameters on this card are modelled as fenemus with a Russian roulette. The
biasing parameters can be applied only to specific materialthe values on the group of cards
Bl PRthroughBI AP as described above. Such material-dependent parametkeosaewvrite the
global values of th@&l AS card for the specific material.

PPl KDEC Real number to control unstable particle decays: hadromefer®), muons
and heavy ions. It specifies decay modeling in the pure anai@g at
PPl KDEC=-1, and forced aPPlI KDEC>0.001. For decays of charged pi-
ons, kaons and heavy ions on a path to an inelastic nuclearaation,
leakage or ionization absorption, the value of 0.601PPI KDEC < 1 is
used as a parameter of the Russian roulette. All decays ppessed if
|PPI KDEC| < 0.001. For muons, any valyePl KDEC| > 0.001 (including
PPl KDEC=-1) results in the pure analog decay modeling, otherwisenmu
decays are suppressed |@Pl KDEC| < 0.001). Default: -1.

PMUPRMI  Real number specifying the parameters of the inclusiveédy prompt muon
production in the inelastic nuclear interaction vertexs fiorced with the ap-
propriate statistical weight &MVUPRMT = 1, forced with the Russian roulette
at 0.001< PMUPRMI < 1, or suppressed &VUPRMT = 0. Default: 0.05.

PMUBEHE Real number specifying the parameters of the inclusivecéiy Bethe-
Heitler muon production. It is forced with the appropriatatistical weight
at PMUBEHE = 1, forced with the Russian roulette at 0.0 PMUBEHE < 1,
modelled exclusively a?MJUBEHE = -1, or suppressed 8VIUBEHE = 0. Al-
ternatively, the Bethe-Heitler muon production crosgisaacan be increased
1 to 500 times with -500< PMUBEHE < -1; an appropriate correction to
a statistical weight assures correct results. It is autimalft set to -1 for
KEM NCL = -1. For examplePMJBEHE = 0.03 is recommended for most of
the high-energy muon collider and LHC applications. Defadl

PMUGVYM  Real number specifying the parameters of the inclusive&dy muon produc-
tion via vector mesons generated in photo-nuclear reactbf > 1.5 GeV
when | ND( 10) =T (default). It is forced with the appropriate statisti-
cal weight atPMJGYM = 1, forced with the Russian roulette at 0.001
< PMUGYM < 1, modelled exclusively aPMJGYM = -1, or suppressed at
PMUGVYM= 0. It is automatically set to -1 fakEM NCL = -1. Default: 0.02
when the primary beam particle is photon, electron or pasitt 0 = 9, 10
or 11 on thel PI B card), otherwise it is 0.005 a& > 20 GeV, or O at
E <20 GeV.

PMUANN  Real number specifying the parameters of the inclusivecéidycte™ —
™~ annihillation events. It is forced with the appropriatetistical weight
at PMUANN = 1, forced with the Russian roulette at 0.081PMJUANN < 1,
modelled exclusively aPMJANN = -1, or suppressed &MUANN = 0. It is
automatically set to -1 foKEM NCL = -1. Default: 0.03.

PPHNUC Real number specifying the parameters of the inclusiveéidy photo-nuclear
events. It is forced with the appropriate statistical weighPPHNUC = 1,
forced with the Russian roulette at 0.061PPHNUC < 1, modelled exclu-
sively atPPHNUC = -1, or suppressed &PHNUC = 0. It is automatically set
to -1 for KEM NCL = -1. Default: 0.02.

PELNUC Real number specifying the parameters of the inclusivecéidy electro-
nuclear events. It is forced with the appropriate stags$tiweight at
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PELNUC = 1, forced with the Russian roulette at 0.081PELNUC < 1,
modelled exclusively aPELNUC = -1, or suppressed &ELNUC = 0. Itis
automatically set to -1 foKEM NCL = -1. Default: 0.003 when the primary
beam particle is electron or positronQ = 10 or 11 on the PI B card), oth-
erwise it is 0.003 atZ < 300 GeV, or 0 atF > 300 GeV.

PPBAR Real number specifying the the parameters of the inclugivedd) antiproton
production. It is forced with the appropriate statisticaight atPPBAR= 1,
forced with the Russian roulette at 0.061PPBAR < 1, or suppressed at
PPBAR = 0. Default: 0.05.

EMST RELEMS EGS5PH EGSS5EL LEMSGL

Variables which control — for electromagnetic showers €tets/positron stepsize, and transition
to EGS5.

RELEMS Real number specifying the fraction of electron/positraergy to be lost (on
average) on a step. Default: 0.1.

EGS5PH, EGSHEL Real numbers specifying the photon and electron/positnengées
at which a transition to the EGS5 module occurs. Defaul9D,.0.001.

LEMSGL The integer value that controls the use of #@s5 module for precise exclu-
sive modeling of electromagnetic showers (EMS) above 1 Keffle EGSH
mode enabled and anything was changed inMAZER. | NP file, be sure
that all egs5job.* and pgs5job.* files were deleted from thirectory before
running a job with the modifieATER. | NP file.
For LEMSGEL =0, the nativeMARS module is used for EMS at all energies.
For LEMSGL=1, theEGs5 module is used belowGS5PHandEGS5EL. For
LEMSGEL=2, theeGs5 module is used below the material-dependent photon-
neutron production thresholds; for example 0.018 GeV iglbem and 0.006
GeV in uranium. FoOLEMSG. =3, the useeGs5 module is forced at all ener-
gies up to the beam energy. Default: 0.

| CEM C1CEM C2CEM EMCDEL | QGSM NEVTYPE

Variables which control hadron event generator and usesgiacke-exciton and quark-gluon string
models, and evaporation scheme.

C1CEM C2CEM Real numbers specifying the energyCEM below which the
CEM code is called on a nucleus with atomic mass > 3, where
ECEM =ClCEM-(C2CEMxZ). Default: 5.0, 0.

EMODEL Real number specifying the transition energy between teetikigh-energy
and low-energy event generator algorithms. Default: 5 GeV.

| QGGSM  An integer that allows a global choice of the inclusive andlesive event
generators at nuclear inelastic interactions (similaplyhiat with theMTQG
card for specific materials).
For | QGSM=0, exclusive modeling with the CEM code is done fat <
3 GeV, the MARS inclusive model is used &t > 5 GeV, and mix-and-
match between these two models isused at £ < 5 GeV. If A < 3
or E < 0.02 GeV, the LAQGSM code instead of the CEM code is used
above. LAQGSM instead of CEM is always used if a projectiletiple is
7, K*,d,t,3 He,* He, 7, hyperon or heavy ion. This mode is most suitable
for shielding-type simulations.
For | QGSM=1, exclusive modeling with the CEM code is done fat <
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0.3 GeV, mix-and-match between CEM and LAQGSM is used ait< F <
0.5 GeV, exclusive modeling with LAQGSM is done@b < £ < 8 GeV,
mix-and-match between LAQGSM and the MARS inclusive modelded
at8 < F < 10 GeV, and the MARS inclusive model is usediat> 10 GeV.
LAQGSM instead of CEM is used under the same conditions dsarpie-
vious mode. This set is default and recommended for majofitgpplica-
tions, including particle production, energy depositibaavy-ion projectiles,
nuclide inventory, and DPA at energies below 8 GeV. It is obgly more
CPU-time consuming than the previous one.

| QGSM=2 is currently disabled. It is automatically converted QGSM=3.
Forl QGSM=3, exclusive modeling with the LAQGSM code is performed for
all nuclear inelastic interactions from 8 GeV to multi-TeNeegies, with the

| QGSM=1 mode utilized at energies below 8 GeV. It is the most CPl&tim
hungry mode. Default: QGSM=1.

NEVTYPE The number of evaporated particle types to consider in eaclear interac-
tion. Minimum is six @, n,d,t,> He,* He), maximum is 66 (up td®Mg).
Default: 17 (up to'2Be). It is recommended to uddEVTYPE=6 for shield-
ing applications (to reduce CPU time), aNBEVTYPE=66 if one needs pre-
cise nuclide mass/charge distributiongat A < 20.

MCSD KMCS KDLE MCSDLE | NEXDL

Control of the ionization energy loss processes and sggjtacting on muons, charged hadrons
and heavy ions: nuclear elastic scattering (HES):a0B14 GeV for neutrons and at all energies
for all other particles, and multiple Coulomb scatteringG®) for all charged particles. This
feature is primarily for study purposes, to isolate and wtit modeling of specific phenom-
ena. Aside from such studies, users are advised to leave plaeameters at their default values,
although the use dKDLE=0 can save a fare amount of CPU-time spent tracking high energy
muons, if the details of the produced muons are not impottattite user’s results.

KMCS An integer whose value turns on or off the elastic and Coulccdttering.
ForKMCS = - 1, scattering is turned off. F¢(MCS = 0, only hadron elas-
tic scattering is turned on. F&MCS > 0, both hadron elastic scattering
and Coulomb scattering are turned on, and in this case the ¥abf KMCS
gives the number of levels of the particle cascade tree totwiiie scattering
applies. (DefaultKMCS=15).

KDLE Integer number controlling the ionization energy loss niade For KDLE=0
a simple continuoudE /dz process is applied. F&DLE>0 a more sophis-
ticated algorithm is applied, which includes delta-elestproduction and di-
rectete™ pair production, and the simulation of the resulting indliekectro-
magnetic showers for the firgt<KDLE-levels of the hadron cascade tree and
for all muons. FoIKDLE=- 1 there is no transported charged particle energy
loss at all (used for special studies only). (DefakDLE=15).

MCSDLE Integer number controlling the correlation in ionizatiameegy and Coulomb
scattering. FOMCSDLE = 1, correlated energy loss straggling and Coulomb
scattering are modeled for all charged particles.NESBDLE = O, these two
processes are modeled independently. Default: 1.

| NEXDL Integer number controlling the modelling mode of deltaceten production.
Forl NEXDL = 1, exclusive modelling is used. FOINEXDL = O, inclu-
sive modelling is used. Default: 0.
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MUON EFLU | PAR KPHA | SOURCE

Variables which control the modeling of bremsstrahlung dimdct pair production by muons,
extend of hadron cascades, and muon and neutrino beams.

EFLU The energy above which full modeling of bremsstrahlung drettpair pro-
duction by muons is done; at lower energies a continuougyghess approx-
imation for these two processes is used. Default: 5 GeV.

| PAR A parameter which — if equals zero — can be used to turn off ¢fieeudt model-
ing of direct pair production by muons and use instead thémmoous energy
loss approximation for this process at all energies. DefalAR=1.

KPHA The number of hadron generations to follow, i.e. the numibéevels in the
hA vertex tree. Default: 55.

| SOURCE A parameter which defines the beam type: original 8OURCE=0 and
| SOURCE=1, broad at SOURCE=2, ;1 decays in a straight section & 0, at
ZM N-0) atl SOURCE=3, andy; decays in a ring dt SOURCE=4. Default: 0.

NUFR ZLNUFR ZUNUFR RUNUFR
Real variables which define a cylindrical region wherfiateractions are forced.

ZLNUFR, ZUNUFR, RUNUFR The cylindrical region where neutrinos are forced to
interact with matter whehND( 8) =T. Default: 0., 0., O.

PHOT ELSYN EM SYN EEGHM | SYNHMU | SYNEMS | SYWRT NOSTPW KEM NCL | | FLUG
Variables which control features of electro-magnetic stogkevelopment.

ELSYN Real number specifying the synchrotron emission for chasgdicle i
of energy E>ECUT=ELSYNxm;/m., wherem, is electron mass. De-
fault: 0.05 GeV.

EM SYN Real number specifying a synchrotron photon energy thidshoFor
E>EM SYNinduced EMS are treated at photon energy; otherwise that en-
ergy is deposited locally. Can be as low as4GeV. Default: 2<10~* GeV.

EEGHM  Real number specifying an energy threshold. EsiEEGHM full simulation
of muon,J-electron anc-production and their showers along hardon tracks,
local deposition otherwise. Default: 0.001 GeV.

| SYNHMU Flag for synchrotron radiation generation by hadrons, rsmd heavy ions.

‘I SYNHMU=0 provides analog (exclusive) generatidi§YNHMJ=1 provides
inclusive generation. Default: 0.

| SYNEMS Flag for synchrotron radiation generation in electromégnahowers.
| SYNEMS=0 provides analog (exclusive) generatidor8YNEMS=1 provides
inclusive generation. Default: 1.

| SYWRT Flag which activates, wheinSYWRT=1, writing of parameters of first 30000
generated synchrotron photons intbar t . 79 file. Default: 0.

NOSTPW  Maximum number of steps for a particle in vacuum. DefaulOQ@D.

KEM NCL The value for the electromagnetic shower vertex as well asy and other
neutron interaction verticies (while in thecNP mode) modelling switch. For
KEM NCL=0, the inclusive mode is used. RSEM NCL=-1, exclusive mod-
eling is done for all electromagnetic shower and~ verticies; five EMS bias
keys (see thd@l AS data card) are automatically converted to -1, i.e. to the
exclusive mode. FOKEM NCL= N >1, exclusive modeling is used for the
first N generations and inclisive one for remaining higher germrdevels
of the electromagnetic shower. Default: 10.
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I 1 FLUG The integer value that controls ionization energy loss fiatbns in modeling
of electromagnetic showers (EMS) in the 100 keV to 100 TeMfgneange.
Forl | FLUG=1, these are modelled with the energy-angle correlatidrenta
into account along with detailed modeling of large-anglellGmb scattering.
Currently, this is a rather CPU time-consuming option. FOFLUG=0, the
continuous slowing down approximation modeling of ioni@atenergy loss
in EMS with no correlations to the Coulomb scattering magteih a small-
angle approximation. Substantially faster option. Defdul

RZMN RM 514 RVAS514 ZM 514 ZMAS14 RM NTR RVAXTR ZM NTR ZMAXTR

Real variables which define two cylindrical volumes; eaclur® is defined by minimum and
maximum radii, and minimum and maximumcoordinates. The first four variables define a
volume where thd ND( 5) =T condition applies. The second four variables define a volume
where the particles entering are recordedrRACK. PLOT and VERTEX. PLOT files, if those
files have been requested via Ih&PE data card.

RM 514, RMA514, ZM 514, ZMA514 The cylindrical region wheré ND( 5) =T
applies. Default: 0.(RMAX 0.0 ZMAX

RM NTR, RMAXTR, ZM NTR, ZMAXTR The cylindrical region where particles are
recorded. Default: 0.8&VAX 0.0 ZMAX.

4.2.9 Termination —STOP

STOP (no parameters)

Terminates the normal MRS data card list. Any cards given after this are meaninglesiess
one runs in a mode which uses an imported geometry descrigtid which places the appropriate
data lines after th&TOP card. See Sectidn_3.1.2 for a summary of imported geometitiésh
can be used.

4.3 Examples UsingVARS. | NP Parameters

The following examples use only thdARS. | NP input deck to fully describe the modeled geometry. The
user subroutines are not utilized and left as dummies. th,tmost problems of interest will involve more
complex geometry descriptions; however, these examptes seoutline the basics of the input deck. More
complex examples which utilize the user subroutines inuwmrtjon with parameters in the input deck are
given in Sectiof 5. 20.

4.3.1 Z-Sandwich Geometry

z-sandwich geometry is one where the same material extertdsalfor all values ofr. The material
changes only along boundaries.r-sandwich geometry is one where the same material extendg #he
z-axis, and the material changes only at concentilimundaries. The user must choose either one or the
other to represent the Standard zones in his model.

FiguredTH anf15 show a simplesandwich Standard geometry. The pictures are producduebyiars
GUIl interface. Figuré14 is a color-filled diagram of the $taml zones, with each color being a distinct
material: light blue is air, orange is steel, and tan is cetgcrFigurdé_15 is the same zone diagram, with no
color fill, and with a 2-D histogram of the charged hadroni fliensity super-imposed over it.
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The input deck for this example is :

MARS15 Exanpl e: Z-sandw ch geonetry

I NDX 2=T 6=T

NEVT 1000

ENRG 100. 0.05 0.05
IPIB 3 3

BEAM 5.0 5.0 0.1 0.1
SMN 0.2 5.

MATR * MATER. | NP’

NLNG 3

ZSEC 50. 150. 350. 1252=4 4 2501=2 1 3
NLTR 1

RSEC 100. 51=4

NOBL 1

RzOB 0. 100. 0. 350.
STOP

—
180 210 3880 a %0 180 270 360

5.1e-01
10 B

0.0e+00
100 107 107 10t 107 10° 107 10°

Lz i,
Figure 14: Plan View of the-sandwich Example. Figure 15: The same-sandwich geometry with a
The grid lines outline the declared Zones. histogram of the hadronic flux density overlaid.

At the top of the deck NDX 2=T declares this to be asandwich type geometry, and this means the
zone materials are declared in tB8EC card. TheNLNGandZSEC cards declare 3 majar sections, with
the 2¢ and 3¢ sections each sub-divided into 4 sub-sectioh852= 4 4). The ¥* major section is
composed of air, the? steel, and the’3 concrete 2501=2 1 3), where the2 1 3 refer to the order
those materials are listed in thdATR card. TheNLTR and RSEC cards declare only 1 major section,
which is in turn divided into 4 sub-section§1=4). These sections and sub-sections are delineated by the
grid lines seen in Figurds1l4 ahdl 15. The sections are alwefysed from minimum to maximum, or,
from left to right in the MARS coordinate system. The air section iscb0deep, the steel 106 deep,
and the concrete 200, deep; the50. 150. 350. values listed reflect the locations of the right-hand
boundary of each major section.

The input beam is composed of 100 GeV, and thel PI B and BEAM cards define a fairly large,
spreading beam - the example could be a model of a secondampbpam striking a beam dump. Energy
cutoffs of 0.05 GeV are given for both tliEMand EPSTAMparameters in thENRG card. This setting, in
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conjunction withl ND 6=T means that the user is interested primarily in star densityia overall flux
density patterns, and not in a detailed analysis of energgsitton. The zone sizes are relatively large, and
the global step sizes in tH&M N card are set correspondingly. No special energy cutofféepr Sizes are
specified beyond the global values.

The NOBL and RZOB cards declare one volume, encompassing all declared zdnstandard set of
histograms then accumulates various parameters, and diervio anmar s. hbook file. This file can be
opened from the GUI interface, (a separate job from the oriehwroduced the hbook file), and selected
histograms projected onto the geometry, as in FifureNCRL histograms are accumulated in a cylindrical
geometry, and so display only froR=0 to R=Rmax. The GUI interface displays the geometry in X-Z,
Y-Z, or X-Y planes. Thus, the color maps display only in th@emphalf of the plan or elevation view. The
particular histogram shown is a map of the charged hadramkg dach color being an order of magnitude
in flux density. One can see the broad pion beam traversingitligreen and blue color bands), showering
and spreading out in the steel and concrete of the beam dundgcene amount of back-scattered particles
from the front face of the steel back into the air above thenmiog beam. More details on both histograms
and the GUI interface are given in Sectid?&and[T2 respectively.

4.3.2 R-Sandwich Geometry

Next, examine a similar simple geometry, also a beam dume, thpt usingr-sandwich geometry.r-
sandwich geometry is one where the same material extendg #iez-axis, and the material changes only
at concentrie- boundaries. Again, the user must choose eitherr sandwich geometries to represent the
Standard zones in his model.

FiguredIb anfl17 show a simptesandwich Standard geometry. The pictures are again peoldoyg
the Mars GUI interface. Figufell6 is a color-filled diagramhaf Standard zones, with the colors similar to
the z-sandwich example: light blue is air, orange is steel, andstaoncrete. Figulle_17 gives a cross-section
view of the zone diagram.

iz oy
Figure 16: Plan View of the-sandwich Example. Figure 17: A cross-section view of the same
The grid lines outline the declared Zones. sandwich geometry.
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MARS15 Exanpl e: R-sandw ch geonetry
| NDX 6=T
NEVT 1000
ENRG 100. 0.05 0.05
IPIB 3 3
BEAM 5.0 5.0 0.1 0.1
SMN 0.2 5.
The input deck for this example is : MATR ' MATER. | NP
NLNG 1
ZSEC 350. 1251=7
NLTR 3
RSEC 30. 80. 100. 51=2 2 101=1 3 2
NOBL 1
RzOB 0. 100. 0. 350.
STOP

At the top of the dechk NDX 2=F declares this to be asandwich type geometry, and this means the
zone materials are declared in tR8EC card. TheNLTR andRSEC cards declare 3 majorsections, with
the ¥* and 2¢ sections each sub-divided into 2 sub-sectid@s=2 2). The ¥* major section is composed
of steel, the 2 concrete, and the"8 air (101=1 3 2). The materials are listed in the same order as for
example 1, where th2 1 3 refer to the order those materials are listed inMd R card. TheNLNG and
ZSEC cards declare only 1 majarsection, which is in turn divided into 7 sub-sectiod2%1=7). These
sections and sub-sections are delineated by the grid lewsia FigureE16 arldIL7. The sections are always
defined from minimum to maximum, or, from the center =0 to the outermost value. The inner steel
section is 30m in radius, the surrounding concrete section isrb@hick, and there is a 26 thick layer or
air surrounding the concrete; tB®. 80. 100. values listed reflect the locations of the outer boundary
of each major section.

The input beam is described identically to theandwich example. This example could also be a model
of a secondary pion beam striking a beam dump, only the enyplsaen mapping the radial deposition
outward through the different layers of materials. The samergy cutoffs and global step sizes are used
as for thez-sandwich example. Also the identiddOBL andRZOB cards are used, encompassing the entire
declared geometry. However, since the materials are adainga different geometry, the hadronic flux map,
Figure[I8 appears slightly different from that for theandwich example. Since the color maps display only
fromr =0 tor =Rnmax, the frame of the view has been modified to show just the upgléohthe geometry.

4.3.3 Thin Window

The example of a thin window shows the usage of materialitligr@ parameter settings, such as step
lengths. The model is of a small proton beam, traveling thhobelium. The beam encounters a thin
titanium window, and then a region of air. There are no imtoas of significance in the helium or the
air, and allowing large step sizes in those areas can rethgceveerall running time. However, one must
be careful of the combination of small-size zones and latgp sizes. It is fairly obvious that if the step
size is of the same order as a thin zone size, then some geth@aticles may "jump over” the thin zone,
and some results for the the thin zone, such as energy depositll be incorrect. What is less obvious is
controlling the accuracy with which the zone boundary isted.

MARS uses a "zig-zag” approach to locate a boundary. The pilpt ste globalSTEPH, or the material
dependenRLSTEH is first applied; if within that step the zone number changiesn MARS will iterate
back and forth, in smaller and smaller steps, to locate thmdary between the zones. The minimum size
of these iterative steps is given by the gloBalEPEMor the material depende®L.STEM Therefore, the
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Figure 18: Plan View of the-sandwich Example, with a map of the hadronic flux overlaid.

zone boundary will be located to the accuracy of the siz8T&PEMor RLSTEM Moreover, one does not
want to have a large value &TEPEMon one side of a boundary, and a smaller valu&IoSTEMon the
other side of a boundary. A better strategy is to make bigsstafil within a certain distance from the thin
zone, and then reduce the step size on approach, step thiwuttin zone, continue taking small steps for
a certain distance past it, and then increase the step s achis requires dividing the material in front
of and behind the thin material into sections where the s&pcan be adjusted.

The following deck sets up this sort of controlled boundamgalization:

MARS15 Exanpl e: Thin W ndow

| NDX 2=T

NEVT 1000

ENRG 50.

IPIB 4 3

BEAM 1.0 1.0 0.02 0.02

SMNO0.2 1.0

MATR ' MATER. | NP’

NLNG 5

ZSEC 20. 22. 22.5 24.5 44.5 2501=1 2 3 4 5
NLTR 3

RSEC 1. 5. 10. 51=4 4 2

MISM 2=0. 01 0.01 0.01

MISH 2=0.1 0.1 0.1

STOP

CMATR'HE '"HE 'TI' "AIR "AIR

The deck is set up for-sandwich geometry, given ByNDX 2=T and by the fact that the assignment of
materials to zones is given in tESEC card. There are only three unique materials among the fitellis
and this is done so that different step sizes can be assignibeé zones of helium and air adjacent to the
titanium window. The total amount of helium and air on eitbite is 22m, and is split into large zones
20cm deep and smaller zonegr2 deep adjacent to the window. The window itself isd@5thick (not a
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very thin window, but the example is for illustrative purpey Each of these five zones is given a unique
material ID number. Next, the global step sizes, given bySkeN card, are sized for the 26, deep zones

of helium and air. ThéMr'SMandMT SH cards adjust the step sizes downward for materials 2, 3,t4,tie
step sizes in those 3 materials being the same values irxtiniggde. These smaller step sizes are appropriate
for the thickness of the thin window; taking similar sma#ss$ through the helium and air on either side of
the window assures that the window boundary will be acclyrdbeated, and data like energy deposition
correctly tabulated.

In keeping with a desire for accurate energy deposition,dat deck allows all the default energy
thresholds, specifying only the energy of the incoming pgi@am; the beam is described as a simple di-
verging gaussian. Radial zones are defined, inrRBEC card, so that the data can used to show how the
energy deposition changes versus radial distance; an dsaringxtracting and plotting this data is given in
the output examples in Sectibn17T]1.2.

Y X

iz oy
Figure 19: Plan View of the Thin Window exam- Figure 20: A cross-section view of the Thin Win-
ple. dow example.

FiguredIP an@20 show the plan and cross-section views oftimeWindow described by the input
deck. The helium zones are a light purple, and the air zonggtllue, with the lighter tones being the
2cm deep zones just in front of and behind the thin window, rettiee step lengths are reduced. The thin
window itself is a gold color. The cross section view showesriddial zones in the thin window, where data
on parameters like energy deposition are accumulated.

4.4 Extended GeometryGEOM | NP Input File

Extended Geometry zones are another way to describe ths osmtel, when the Standard zones described
by the ZSEC and RSEC cards in theMARS. | NP file are insufficient. The term “extended” refers to an
extension beyond the-z-¢ symmetric Standard zones. Extended Geometry zones ar&wziad from

a set of contiguous or overlapping geometrical shapes,hwticrently consists of box, cylinder, sphere,
cone, tetrahedron, elliptical tube, toroid, ellipticahecand conical sector. This is similar to the geometry
description method used yEANT. There can be up to 2Extended Geometry shapes declared, where
each declared shape is counted asaRrMIzone. A single shape can be sub-divided into sub-zones, with
each sub-zone counting towards the maximum limit.
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Only extended geometry and ROQOT options provide exact crogsg of particle tracks with surfaces
that prevents small regions within a large volume from beingskipped over. In other four options,
boundary localization is based on iterative algorithm and ser needs to take care of appropriate region
numbering, pilot steps and localization parameters. Zonewerlapping in the extended geometry mode
means in particular that in this mode a user doesn’t need to a& about zone numbering when one
large zone is filled with small objects.

The specifications for the geometric shapes are controfelinbs in the input fileGEOM | NP. As
indicated in Sectioh’4.2.2, settihd\D( 3) =T in theMARS. | NP file activates the reading of t&OM | NP
file and the implementation of the Extended Geometry Zonssrided by it.

The user is reminded that the overall outer boundary of thdain¢'mother volume”) is set by the
ZSECandRSEC cards in theVARS. | NP file. There must always be at least one Standard zone, arieeall t
declared Extended Geometry zones must be contained witlirotitermost Standard zone boundary. In
assigning zone numbengARS begins with the Standard zones, numberedNEZP, the maximum number
of declared Standard zones. Extended zones are next, neanbtarting fromNFZP+1. There can be
no more than 00,000 declared Extended zones. A¥s will assign zone numbers to Extended Geometry
shapes in the order in which they appear in@xOM | NP file. For an introduction to zone numbering, see
the discussion in Sectidn3.1.

First line of theGEOM | NP file is a title, consisting of no more that characters. All the subsequent
lines are geometric information, eithehapedata lines otransformationdata lines. Ashapedata line is
used to declare and describe a single Extended Geometrg.shAapansformationline describes a trans-
formation matrix, translation and rotation, which can beleg to any Extended Geometry shape. Each
shape can be subdivided into a number of sub-regions. Biaak tan be inserted between data lines, for
file organizational purposes, and will be skipped by theinast reading the file. Comments are allowed at
the end of any line, by starting them with an exclamation sign

The Extended Geometry shape data lines can be listed in day, éor example they are not required to
be listed from left to right in the coordinate system; howetere are two important points to keep in mind.
First, themARS zone number will be assigned according to the order in whiehlines appear in the file.
Second, overlapping shapes are layered according to tke threllines appear in the file, with the top layer
shapes being listed at the top of the file, and so on down (seBFias an example). The user needs to keep
these points in mind, and order shapes appropriately soasam the desired result.

It is strongly advised to add, at the very end of GEOM.INPgiae coinciding with the mother volume
defined in MARS.INP. It is generated automatically if thesend other standard geometry regions besides
the mother volume. In this case, a message is streaming sztéen, for example:

Just one standard region "mother volume” (NFZP=1) is definddARS.INP. The extended geometry
region - coinciding with it - is automatically generated as:

MOTHER2020.0.-100.3570

Table 7: Shape types, listed by the shape ID number, whichrgrke-
mented in Extended Geometry and used in @M | NP file, with
their descriptors, their Reference PolRP location, and definition of
their Local Coordinate SysteiC'S.

Shape abs(NT) Parameter ListRP andLC'S definitions
Box 1 c1 the box half-size along theC'S = axis
(67 the box half-size along theC'S y axis

continued on next page
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Table 7:table continued

Shape abs(NT) Parameter ListRP andLC'S definitions

C3 the box length IT>0) or half-length NT <0)
along theLC'S z axis

NXSB  the number of subdivisions in, default: 1

NYSB  the number of subdivisions ip default: 1

NZSB  the number of subdivisions in, default: 1

RP defined as the center of the plane perpendicular tatheis
and with the minimum coordinate location

LCS the box’sz andy LC'S axes are parallel to two perpendicular edges
of the minimum coordinate locationplane; the: axis points from the
center of the minimum coordinate locatiemlane to the center of the
maximum coordinate locationplane. Ther, y, z axes of the
LCS are parallel to those of th@C'S.

Cylinder 2 Cc1 the inner radius of the cylindes 0. for a solid cylinder,
and> 0. for a cylindrical tube
c2 the outer radius of the cylinder
C3 the cylinder length(T >0) or half-length NT<0)

along theLC'S z axis

NZSB  the number of subdivisions IhC'S z, default: 1

NRSB  the number of radial subdivisions, default: 1

RP defined as the center of the plane perpendicular ta theis
and with the minimum coordinate location

LCS the LC'S z-axis is parallel to th&C'S. Thez axis points from the
center of the minimum coordinate location cylinder end ®dbnter of the
maximum coordinate location cylinder end. The orientatibthe LC'S «
andy axes is arbitrary.

Sphere 3 c1 the inner radius of the sphere,0. for a solid sphere, and
> 0. for a spherical shell
2 outer radius of the sphere
NRSB  the number of radial subdivisions, default: 1;
RP defined as the sphere center
LCS the orientation of the axes is arbitrary.
Cone 4 c1 the inner radius at the lowesC'S z, the cone base;
= 0. for a solid, and> 0. for a hollowed cone
(674 the outer radius at the loweE’'S z, the cone base
c3 the inner radius at the highesC'S z, the cone top;
= 0. for a solid or closed shape, and0. for a tubular cone
07! the outer radius at the highest’'S z, the cone top
c5 the cone lengthNT>0) or half-length NT<0)

along theLC'S z axis
NZSB  the number of subdivisions ihC'S z; default: 1
NRSB  the number of radial subdivisions; default: 1
RP defined as the center of the minimum coordinate locafiétd' z plane,
which is the cone base
LCS The z-axis points from center of the cone base to the center of
the cone top; thé&.C'S z-axis is parallel to th&C'S z-axis.
The orientation of thd.C'S = andy axes is arbitrary.

Tetrahedron 5 Defined by a set of 4 verticies. The user sedeetsertex to be
the shape’s Reference PoiRP, and enters those coordintes as
(XR, YR, ZR) in the Shape specification data line
Cl: C3 coordinates of the second of 4 verticies2 (12, 22)

continued on next page
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Table 7:table continued

Shape abs(NT) Parameter ListRP andLC'S definitions
C4: C6 coordinates of the third of 4 verticies;J, 3, 23)
C7: C9 coordinates of the fourth of 4 verticies;4, y4, z4)
RP defined by the user, as thé, y1, z1 coordinates of the first vertex
LCS identical toGC'S
Elliptical Tube 6 c1 the inner radius along verticataxis
2 the inner radius along horizontgdaxis
c3 the tube wall thickness along one of the axes;
C3= 0 correspondes to a solid (filled) ellipse defined®lyandC2
07! the tube lengthNT >0) or half-length NT<0)
along theLC'S z axis
NZSB  the number of subdivisions ihCS z, default: 1
RP defined as the center of the plane perpendicular tatheis
and with the minimum coordinate location
LCS the LC'S z-axis is parallel to th&C'S. Thez axis points from the
center of the minimum coordinate location cylinder end ®dbnter of the
maximum coordinate location cylinder end.
Toroid 7 currently unavailable
Elliptical Cone 8 c1 the inner radius along horizontgdaxis at the lowesLC'S z, the cone base;
(67 the outer radius along horizontglaxis at the lowesLC'S z, the cone base;
C3 the outer radius along verticataxis at the lowest.CS z, the cone base;
if C3=C2 then the cone is round, otherwise all other lateral dimerssio
are squashed appropriately; the r&@R&/ C2= is the scaling factor
A the inner radius along horizontglaxis at the highestC'S z, the cone top;
c5 the outer radius along horizontglaxis at the highestC'S z, the cone top
C6 the cone lengthNT>0) or half-length NT<0)
along theL.C'S z axis
NZSB  the number of subdivisions IRC'S z; default: 1
NRSB  the number of radial subdivisions; default: 1
RP defined as the center of the minimum coordinate locafiort ~ plane,
which is the cone base
LCS The z-axis points from center of the cone base to the center of
the cone top; thé C'S z-axis is parallel to th&C'S z-axis.
Conical sector 9 C1 the inner radius at the loweSC'S z, the cone base;
c2 the outer radius at the loweBC'S z, the cone base;
c3 the inner radius at the highest’'S z, the cone top;
07! the outer radius at the highest'S z, the cone top
c5 the cone lengthNT>0) or half-length NT <0)
along theLC'S z axis
NZSB  the number of subdivisions ihC'S z; default: 1
NRSB  the number of radial subdivisions; default: 1
NASB  the number of azimuthal subdivisions; default: 1
PHI 1 first angle (degrees) defining the sector; default: 0.
PHI 2 second angle (degrees) defining the sector; default: 360.
if PHI 1 < PHI 2, a clockwise sector is defined,
otherwise, a counterclockwise sector is defined
RP defined as the center of the minimum coordinate locafiétd' = plane,
which is the cone base
LCS The z-axis points from center of the cone base to the center of

the cone top; thé&.C'S z-axis is parallel to th&C'S z-axis.

Important note: Currently (December 2013) the Conical Seabr (shape no. 9) can't overlap the adjacent zones
while the opposite is allowed. Also some issues with scorimgthe conical sector regions can exist without at
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Figure 21: The diagrams demonstrate shape overlappingl hges the order in which the shape
definitions appear in theEOM | NP file.

least one non-standard region described IIREGL.

Each Extended Geometry shape is specified by a single linataf the data is unformatted, and sepa-
rated by blank spaces. The syntax of an Extended Geometpg slodume description line is

VNAM NT NTR IMXR YR ZR C1 C2 ... Cn NSB1 NSB2 NSB3
where
VNAM is the user’s identifying name for the shape, in format (A8)he current version,
to avoid a conflict with transformation matrix descriptipitsmust not start with
TR
NT is the shape type ID number, an integef| INT| <6. Table¥ has the correspon-

dence between shapes and ID number8ITif 0, the reference pointHP) is on
the front surface as described in Tallle 7NTi< 0, the reference pointH{P) is at
the shape center (not used for sphere and tetrahedron).

NTR is the transformation matrix ID numbet; stands for the transformation matrix
described on th&@R1 card, 2 stands for the transformation matrix described on
the TR2 card, etc; ented if this shape has no transformation applied.

I M is the material number (index) for the material this shapmasle of. This is the
same material index as defined in #4&RS. | NP deck; <1 M<500.

XR, YR, ZR are the coordinates of a reference poiftH) in the Local Coordinate System
(LCS) for this shape. Tabld 7 gives the location of th& on each shape type.
Table[T also defines theC'S for each shape, and how it relates to themé
coordinates (also referred to here as the Global CoordBypgeem GC'S).

ClL: Cn are additional parameters describing the shape. Each bBhaedifferent number
of parameters, and these are defined in Table 7. The datehlingdshold only as
many parameters as are defined for the shape. If a paramédérasit’s default
value,and all the following parameters are also left at their ddfauthen they do
not need to be listed on the data line; otherwise all parammetged by the shape
definition must be listed.

NSB1, NSB2, NSB3 are the numbers of optional subdivisionsli’'S along corresponding di-
rections (see shape descriptions in the above table).

Transformation matricies are implemented VR cards whose syntax is
TRn XT YT ZT o (B v
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where

TRn is the transformation matrix identifier, and always starthyWTR” followed by
an integem, 0<n<500. Integen is the transformation IDNTR used in the shape
volume data line, for shapes which utilize a transformation

XT, YT, ZT are the translation coordinates, applied to the shapesr&ate Poinkk P

a, B, are the rotation angles (in degrees) between the shage%axes and thé&:C'S
axes around-axis (“yaw”), y-axis (“pitch”), andz-axis (“roll”) with z-direction
of movement; clockwise (positive) or counterclockwisegaiive). If there is a
rotation around more than one axis, the rotation sequengegasound z-axis),
theng (around y-axis), and them (around x-axis)

A STOP card, one it's own line and with no parameters, terminate$s#OM | NP data card list.

Remember that there must be at least one Standard zone defittedVARS. | NP file, and this one
zone, or the largest of the defined Standard zones, musticaitather defined volumes, including the
Extended Geometry zones. The user must determine the etteistExtended zones, and define an appro-
priate Standard zone to surround all of them.

If Non-Standard zones also exist in the users model, thesethave priority over the Extended zones.
When MARS has a particle locationz(y, z) the user routindREGL is checked first; if code within that
routine describes a zone which contains thegy( z) location, then MRS is given this Non-Standard zone
number, and the Extended Geometry module is not called. stead the program exits from tHREGL
subroutine with no zone number assigned, then the Extendeth&ry module will be called. The reverse
does not occur — if upon exiting the Extended Geometry modulene number still has not been assign to
the input (¢, y, z) location, MaRs will not return to the REG1 subroutine; it will likely assiginat location a
negative zone number, which becomégakhole material, and any particle at that location will be dropped
from the tracking list.

By default, there is no optimization in Extended Geometrgamning that the shapes are always analyzed
in the order they appear in tt@EOM | NP file. Shapes defined first have a higher priority than shapes
defined in subsequent lines.A®s enters the Extended Geometry module with the location oespanticle
(z,y, 2); at the first shape encountered which contains tha,(z), the code exits the geometry description,
handing MARS the zone number corresponding to that shape. At the nex, emth a new location, the
geometry description code begins again at the top of@@M | NP file. The user needs to think about
descriptions where shapes overlap, and order them apatelgrso as to obtain the final desired zone shapes
and numbers.

MARS must be provided with the volumes of all Extended Geometnego In the special case of no
overlapping shapesndwhen optimization is turned on, then the Extended Geometriguie will calculate
the shape volumes and hand the results &RB! In all other cases the user has to provide the volumes of
shapes, either “by hand” or by runningA¥is in “volume MC” mode, described in Sectionsi3.1 4nd4.2.2.

4.4.1 Example of Extended Geometry
Given here is an example of an Extended Geometry descripkosat is a simpldvVARS. | NP file used in

conjunction with the example. Following iS<ZEOM | NP containing a sampling of shapes. The GUI picture
corresponding to this file is shown in F[g]22.
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Ext ended geonetry test 10/22/12
| NDX 3=T

CTRL O

NEVT 5

ENRG 8. 5=0.001

IPIB 1

SM N 0.01 3.

ZSEC 160

RSEC 80. 101=0

MATR ' MATER. | NP’

STOP

Exgeo test

sphere-0 3000. 0. 10. 0. 2.

sphere-1 3010 0. 10. 2. 5.

spher e2a 3020. 30. 15. 0. 4. 2

sphere2b 3010 30. 15. 4. 10. 3! ball-2b
sphere-3 3040. 0. 60. 0. 15. 5

box-1 1031. -30. 15. 4. 4. 17. 2

box- 2 105-3. -40. 45. 7. 12. 10. 5! box-2
cone-1 4060 0 90 2. 5 6. 12. 20. 4
cone- 2 4130 30. 9. 6. 12. 2. 5 30. 6
cylO 2110 30. 9. 0. 2. 30 220

cone-4 4140 30. 9. 2. 6. 2. 2. 30. 2
cone-3 4000 0 90 0 2. 0 6. 20

cyl-1 2010 0. 120. 0. 5. 40. 10 10! cyl-1
cyl - 2a 2020 50. 120. 1. 5 30. 102

cyl-2b 2010 50. 120. 0. 1. 30. ! «cyl-2b
cyl-3 2030 30. 130. 0. 5 20. 45! ¢cyl-3
cyl -4a 2240 -40. 125. 0. 5. 25. 521! cyl-4a
cyl -4b 2340 0 0 0. 5 25 521! «cyl-4b
TR1 0. 0. 0. -14.32 0. 0. ' TRF1

TR2 0. 0. 0. -11.46 0. 0. ' TRF-2

TR3 0. -60. 115. 11.46 0. 0. ! TRF-3

STOP
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Figure 22: Plan View of the Extended geometry Example.
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5 User Subroutines

The user subroutines are collected in the fM&514.f The default version of this file, distributed as a
part of themARS code, contains dummy versions of each of the user subreutB®eme of the subroutines
contain comments and commented-out sample code as remifodeheir use, but the user should consult
this manual for details on the full usage of the subroutines.

Table[B lists the names of the user subroutines, and a bigefigéon of their purpose.

The user is free to split filen1514.f up into other files, for example, combining all his custordize
subroutines into a single file, and storing all the unusedrdymser subroutines in another file. The user
can also create his own subroutines which are called fromgskesubroutines. The user can create his own
set of common blocks to carry information among his own sutimes; none of his values or variables will
be carried back into the mamaRs code, however. With a few exceptions, the communicatiowéen
MARS and the user subroutines is via subroutine arguments.

If the user rearranges subroutines into files other thab14.f then he must remember to also modify
the default GNUmakefile appropriately, so the compilekdinknows to pick up the local user files. This
manual assumes the user knows how to compile and link codg gsiake or make on unix or linux systems.

It is important to remember thatARS uses double precision in all calculations, and all realaldés
are declared double precision. The user will utilizers real variables delivered via subroutine arguments,
and rather than copy them to local single precision varg@hteis highly recommended that all user real
variables be likewise declared double precision. This mdhat all real value assignments must be of the
form XVar =0. 24D0 or Par anet er (YLi mit = 435. 76D0). The exception to this is when user-
defined histograms are employed; real variables loadedHB@OK must be single-precision.
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Table 8: User subroutines.

Subroutine name  Description

MARSMAIN
MARS15NN
MIXTUR
BEG1
REG1
REG3
FIELD

SUFI

LEAK
ALIGN
SAGIT
RFCAVT
EDGEUS
VFAN
MHSETU
MFILL
HISTO_DB
WRTSUR
TAGPR
TAGGING
KILLPTCL
BLPROCESS
HISTDUMP
MARS2BML
BML 2MARS
BLINIT
BLGEOINIT

TUNNELGEO

Main program - contains names of the main I/O files
"initialize-run-write output” steering subroutine, anelease #
define a compound material

redefine the primary particle distribution

define user-encoded non-Standard zones

redefine the material content of Standard zones

define magnetic fields

read in magnetic field data

tag/score particles which reach selected blackhole zones
discrete fictitious scattering between selected zones
fictitious scattering within a zone

RF kick at the boundary of selected zones

edge scattering

define the volumes of all non-Standard or ovelapped zones
booking of user defined histograms

filling of user defined histograms

a Block Data for parameters of user-defined histograms
tag/score particles which cross selected user definedcesrfa
particle origin tagging

place holder for user-defined tagging

kill particle under certain user-defined conditions

Block Data of switches to control exclusive generators
volume and surface histogram binning dodVP regions
MARS to Beam-line transformation

Beam-line to MARS transformation

MMBLB initialization

MMBLB element registration

MMBLB independent tunnel description

5.1 Main Program MARSMAIN .F

The names of the main I/O files are here, and can be modifiedeystr.

5.2 SubroutineMARS1514

SubroutineM1514 is the main "steering” routine, which directs the rugninode of the executable. There

are three possible running modes: normal, GUI interfacd,stand-alone event-generator. Switching be-
tween these modes is controlled by B&RL card in the input deck. The default mode is normal, where
the primary particle interacts with the described geometegondary particles are tracked through the ge-
ometry, and various parameters are "scored” and tabulateslifput. The GUI interface, Sectibnl12, is very

useful for checking a complex encoded geometry, and folaism results. No events are generated in this
mode, but the user’s encoding of the modeled geometry, amel @od material assignment, is executed and

displayed. The stand-alone event generator is useful &8 27
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The three modes can be seen in the 3-Ww&y ELSE block within the subroutine. The first segment
in the block, which callSSTTCL, is the GUI interface mode. The second segment in the blotighw
calls EVTCEN, is the stand-alone generator mode. The third segment iblto, which callSMARSON,
is the normal running mode. For normal and GUI modes, the dses not need to customize anything
in routine MARS1514. The only items which might be modified, as needed, @&aldtlared size of the
PAWC common block, and the names of the input, output and histodilas. Some of the settings for the
stand-alone generator mode are customized from this \mutin

5.2.1 Stand-alone event generator

The stand-alone generator, as mentioned above, is usefaPf To make use of this mode, the user must
first set the cardCTRL 2=I Min the input deck, wheré Mis the material index of the target nucleus the
event generator will use. The primary particle type andgnare specified in the usual way using ENRG
andl PI Bcards in the input deck. For example, if the user wants tcsiyate the details of protons striking

a graphite (carbon) nucleus, then the pertinent cards imghe deck might be

CTRL 2=4

NEVT 100

ENRG 250.

IPIB 1 3

MATR * MATER. | NP’

C MATR"AIR "AL" "FE 'C ' CONC

whereCTRL 2=4 indicates that the target nucleus is the 4th material listédde MATR card, which is C
for carbon. The primary particle is a 250 GeV proton, and M#hts have been requested.

The user next sets variables in routmars1514 to control the generator details and the results which
will be reported. The choices are given by comments witharthutine: Here, the differentialdY, DM,
X and E are for rapidity, transverse mass, Feynmarand energy, respectively. Selecting one of these
determines the contents of the tables of data which are #udt i&f the calculation.

5.3 SubroutineBEGL1 - Primary Beam Description

RoutineBEG1 is used to customize the primary particle beam. The suibearguments are the variables
used to fully describe the trajectory and properties of amgiprimary particledJ is the particle type index
given in TabldR;Wis the relative weight given to the particlg;is the energy of the particleX, Y, Z is

the particle’s starting locatioi)X, DY, DZ are the direction cosine$OFF is ?;1 NTA s a flag to impose a
point-like interaction ? NREGL is a Zone number where the source term is located ? . When ithargr
beam is described using Input Detll B and BEAM cards,MARS uses those input deck parameters on
beam spot size and shape to generate a particle trajecttmnhat specified envelope. The trajectory is
described by the starting position X,Y,Z and the directiosiages DX,DY,DZ. These variables are passed
to BEG1 and can be further modified to describe beam envelopes morplex than what can be specified
only by the Input Deck cards.

For example, consider a beam which has a gaussian distribotiparticles, but has been clipped in one
view. The input deck cards are used to describe the gaussigeiies. In routin®EGL the user examines
the X,Y position. If the X or Y are beyond the clipped edgenthiee trajectory can be regenerated randomly
in BEGL, rechecked, and accepted only when it fits within the useesiication. Another example is
where the beam is uniformly distributed in one view but gausslistributed in the other view. The Input
Deck cards can do one or the other distribution for both viesggther, but not separately. Again, the user
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would use the input deck to specify either the uniform or garscharacteristics, and then modify those
characteristics as needed in routBec].

Question: if you set W=0.0 for primaries which don't fit youiteria, does that eliminate that particular
primary particle, and force the generation of a new one?

Another way to use routinBeG1 is to read in a file which contains a list of primary beam péet. The
user can create such a file in any custom format; it must sirogiyain the same parameters as giges1
subroutine arguments, or contain sufficient informatiomxtract those parameters. The user in this case
must also install the code to properly open, read, and claséle.

Such afile can be generated RS itself, using theLEAK subroutine. In this case, one usesRrs in
two (or more) consecutive steps. The first step generateara bieo a geometry and creates the resulting
showers. Within that geometry is a Zone with a specific Zormalmer which acts as a flag for subroutine
LEAK - any particle crossing into that zone will have it's paraengtwritten to a file. The parameters are
exactly those which are thtEeG1 subroutine arguments. The first step process ends, reguitthis file of
particles which reached that particular Zone. A secan®&s process is started, consisting of the geometry
"downstream” of the first procesS<EAK zone; the file of particles from step 1 is the input for routms1
in step 2. This two or multi-step process is useful when modéabyrinths or shielding penetrations: step 1
generates many particles, a few of which reach the entrarackabyrinth (theLEAk zone) and are written to
output; step 2 works only with the particles which enter eigykinth, and models only the labyrinth portion
of the geometry. In this case different energy thresholdsbesapplied in steps 1 and 2 in order to optimize
execution time, for example to concentrate only on therreatimons in the labyrinth. The multi-step process
is also useful when investigating the effects of beam losgildutions: step 1 models the actual beam loss
and records the particles which are created in that interachower; step 2 tracks only the shower to
investigate it's effects on the surrounding area. Anothxangle if theLEAK - BEG1 multi-step process is
to separate the primary event generator from the procedsies wccur in the rest of the geometry: model
a primary beam hitting a target, us®MJET or ISAJET to model what happens in the target, and record,
via LEAK, everything which exits the target; input the resultingtighe list into step 2, which describes the
geometry downstream of the target. In this way one can coengifferent production models at the target
separately from the rest of the geometry.

5.4 SubroutinesreG1 - non-Standard Zone Description

REGL is the interface betweemARs and the users’s encoding of a complex geomewmaRrs hands to
the routine, via the subroutine arguments, the currentilmta,Y,Z of some particle; the user’s job is to
determine irREG1 what particular volume that X,Y,Z belongs to, and what theesponding user-assigned
non-Standard zone numbdiand material indek Mfor that volume are, and return those numbemngA®s.
SubroutinevrFAN is used to assign a volume to each of the user-assigned zomexyeam start-up. Recall,
from Sectior 311, that fomARS to determine the flux of particles through any particulareganmust have

a value for the volume of the zon&REG1 can also be used in the extended geometry mode to define
subregion numbersNI Minside a given zone, with zone numbers and material indeciese determined
automatically. TheseNl Mcan be in particular used in subroutinesrRrFCcAvVT and ALIGN as a control
switch.

The user can encode as complex a geometry as necessary,natia @ in his own set of subroutines
which get called fromReG1. The user has as many as 100,000 non-Standard zones aspgosalj each
declared zone gets the full complement of results accuetlilaind these are tabulated in MEUPLE. NON
output file. Therefore, the boundaries of the user’'s nomd&ted zones will correspond to various regions of
interest where specific results are desired. For exampteséparate zones of soil on either side of a beam
dump can be set up, so that one can compare the star densitiestivo locations. Or, set up several zones
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within an irregularly shaped target holder assembly, sbe¢hargy and heat deposition patterns resulting
from the beam-target interaction can be studied. Therefareurse a few requirements which must be met
for the proper use of the subroutine. The non-Standard zowes be enclosed within, or have boundaries
equal to, the outermost Standard zones. Each zone, of aaydsp hold one and only one material. Each
zone must have a value for it's volume. The initializatioosmi@erning the material content and volumes of
the non-Standard zones are performed on the first call tineREGL.

A simple example will serve to illustrate the non-Standaodez initialization process, as well as the
geometry encoding process. It is strongly suggested tleatisbr create a conceptual sketch of his geom-
etry before starting to encode it, filling in the zone bougdacations, materials, zone numbers, and zone
volumes, as this will assist in the coding process. Once egay is encoded, the user is advised to utilize
theMARS GUI visual interface to check that the zone boundaries, Bba@done number and material assign-
ments, match the conceptual sketch. Figuile 23 shows a skeacsimple beam dump, made from steel and
concrete blocks. These rectagular shapes become nona8larahes. The dump is surrounded by soil, and
the outer edge of the soil is modeled as a cylinder; this caretbre be a Standard zone specified by cards
in the input deck (this cylinder is not shown in the sketch).

‘@C Sketch of a simple beam dump

ZConc

Steel block surrounded by concrete block
Soil surrounding the concrete

T |
- e I
; XConle User-encoded non-Standard Zones
XSfee/t ~~~~ ' | Steel Zones 1:10
~~~~~~ : Concrete Zones 11:20
/ Surrounding soil is a Standard Zone
X/ Material 1=steel, Z=concrete, 3=soil

YS'/‘QQ/ ZS-j‘ee/

Figure 23: A user’s sketch of a simple beam dump, with dinmnsariables, and with preliminary non-
Standard zone assignments.

The following section of code is the array and variable datian section from subroutineegl corre-
sponding to this example of a simple beam dump. The user lcadedithat material indekis steel, material
index 2 is concrete, and material ind&xis soil and described them in tiARS. | NP file. Consequently,
the material card in the input deck is set to (second cardstsgjicomment for reference)

MATR * MATER. | NP’
C MATR "FE "CONC SO L

The user has set the maximum number of non-Standard zon®s fth2 first 10 non-Standard zones will
be used for steel, and the second 10 for concrete.

SUBROUTI NE REGL(X, Y, Z, N, NI'M
| MPLI CI T DOUBLE PRECI SION (A-H, O-Z), |NTEGER (I-N)

I NCLUDE ' bl regl.inc’
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I NCLUDE 'tallyl.inc

C
SAVE NENTER
DATA NENTER/ 0/
C
C ===Put actual max |ocal non-standard zone nunber here !!!
PARAVETER (M _MAX = 20)
PARAVETER (M _MAX1 = M _MAX + 1) I'+++Don’t touch !!!
C
CHARACTER*8 VNAME, VNANMEBUF
DATA VNAMEBUF/ ’ i
C
DI MENSI ON | MUN(1: M _MAX1) ! local array for material indicies
DATA | NCREM 1/
DATA IMUN 1, 12, 21, 1, 1, 1, 1, 1, 1, 1,
> 2, 2, 2, 2, 2, 2, 2, 2, 2, 2,
> 0/

The local array MUNis declared and sized MMAX + 1. The contents df MUNare the materials assigned
to each of the\/*" non-Standard zones, with the value being the index of theniastgiven by it's order in

the input deck list. In other words MUN( M is the material index for th&/*" zone, wherél/ = 1 : MMAX

- a local zone number. The actual zone number, inMhes program array space, depends on how many
Standard and Extended Geometry zones have also been dedlhesfollowing section of subroutiriREGL
initialization code demonstrates this.

| F(NENTER. EQ 0) THEN

CALL REG3
NCELMX = NFZPEX + M _MAX
NENTER = 1

| F(M_.MAX . EQ 0) | NCREM=-1
| F(M_MAX . GT. 0) THEN
INUG = 1
WRI TE(*, *)’ There are non-standard zones M MAX= ', M MAX
DOL =1, MMX, |NCREM
MATI ND( NFZPEX + L) = | MUN(L)
VOLNM ( NFZPEX + L) = VNAMEBUF
END DO
NVTEST = 1
CALL VFAN ( NVTEST, V)
ELSE
INUG = 0
WRI TE(*, *)’ There are no non-standard zones in this run !’
RETURN
END I F
END I F

The non-Standard zone initialization process is one oféhefflaces where the user directly sets variables
held in amARS program common block. VariabCELMX, and others, are passed between routine REG1
and the rest offARS viabl r egl. i nc, which contains variousARS parameters and common blocks. The
line NCELMX = NFZPEX + MMAX is how MARS is informed of the number of declared non-Standard
zones. The total number of all zones, Standard, Extendech@mdtandard, is held in variabMCEL MX.

All of the arrays which hold accumulatedars results are one-dimensional and indexedNGELMX. The
one-dimensional arrays are logically divided into threacks, holding first the results for Standard zones,
then Extended, then non-Standard. The boundaries of theselbilocks are defined by additional variables
which are the total numbers of zones of each type. The totabeun of Standard zones is held in variable
NFZP; the total number of Extended zones iSfNEX@E2; the total of Standard and Extended zones together
is given by variableNFZPEX. MARS calculateNFZP, NEXG2, andNFZPEX during its startup initialization,
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based upon the declarations made in the MARS.INP and GECMriput decks. On the first call to routine
REGL, the user declares the total number of all zones, and thd@uof non-Standard zones, by setting
NCEL MX.

Notice that the local MUNarray, where materials are assigned to hon-Standard Zemepied tOMARS
arrayMATI ND, offset in that array’s space INFZPEX. Array MATI NDis whatMARS uses to determine the
material content of each zone, nd¥lUN. However, it is easiest for the user to think of his own noar8ard
zone assignments as being numberedMAX, and fill his own local version of the materials array, since
the absolute zone number whismRs uses can change if the user changes the number of Standard or
Extended zones in his model from one execution of the progeeamother. All thaMMARS requires is that
the user’s version of the materials array be transferede®#T1 ND array, with the correct offset, at some
point in theREGL initialization process.

Before continuing with the zone initialization processagsion, jump ahead to the geometry definition
code withinREGL for the simple beam dump example. The user makes a list ohymeas to hold the

dimension values of his model (remember the basic lengthisigentimeters, and all variables double
precession) -

Par anet er (ZConc = 400. 0D0)
Par aneter (ZSteel = 150.0D0)
Paraneter (ZSteel _mddle = 75. 0D0)
Par anet er (XSteel = 30.0D0)
Paraneter (YSteel = 35.0D0)
Par anet er ( XConc 100. 0DO)
Par anet er (YConc 120. 0DO)

The encoding of the simple beam dump is then -

MEO
AX = Abs(X)
AY = Abs(Y)

C
C Return imediately if we are outside the User non-Standard geonetry
If (AX ge. XConc .or. AY.ge.YConc .or. Z.ge.ZConc) Return
C
Cls the current position in the steel core?
If (AX. It.XSteel .and. AY.Ilt.YSteel .and. Z. 1t.ZSteel) Then
If (Z.ge.0.0D0 .and. Z.It.ZSteel _niddle) Then
M=1
Go to 200
Else If (Z ge.ASteel _middle .and. Z. 1t.ZSteel) Then
M= 2
Go to 200
End | f
End If
Cc
Cls the current position in the concrete surrounding the steel ?
If (Z .1t. ZSteel) Then
If (AX. It.XConc .and. (Ay.ge.YSteel .and. AY.Ilt.YConc)) Then
M= 11
Go to 200
Else If ((AX ge.XSteel .and. AX. It.XConc) .and. AY.It.YConc) Then
M= 11
Go to 200
End | f
Cls the current position in the concrete downstreamof the steel?
Else If (Z ge.ZSteel .and. Z.1t.ZConc) Then
If (AX. It.XConc .and. AY.lt.YConc) Then
M= 13
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Go to 200
End |f

End I f
C
CIf all User-zone-area X, Y,Z are covered by the above statenents, then the
C code shoul d never get to this point. If MO here, then there is a hole in the
Clogic. If M0 and gets to here, then there is a mssing Go To 200 statenent
C Print a warning

wite (*,*) ' **** |ogical Error in Regl **** ' M

Ret urn

C Set and Return N, the Mars Zone nunber corresponding to input XY, Z
200 Conti nue
IF (M.GI. 0) THEN
N = NFZPEX + M
ELSE IF (M.LT. 0) THEN I Non-standard bl ackhol e
N=M
END | F
RETURN
END

Although this code is simple, there are several necessapg sthich apply to any use of this subroutine.
WhenREGL is called,MARS passes to it the positioN, Y, Z of the current particle. There is a local variable
Mwhich is set ta) on entry toREGL; Mis set to a non-zero value somewhere in the code’s logic, tand i
value is betweem andM.MAX. Just before exitinREGL, the statemeritl = NFZPEX + Msets and returns
to MARS the absolute zone numbkiiwhich corresponds to the inpif, Y, Z.

There are other steps in this example which, while not necgsare highly recommended. At the top,
there is a statement (or series of statements) which askkherhbe currentX, Y, Z is within the regions
where non-Standard zones are defined; if not, then the migtiexited. Up to 80% of the program’s running
time is spent in geometry modules, includiREGL. It is far more efficient to determine immediately
whetherX, Y, Z is outside the overall non-Standard zone region, than talllgiossibleX, Y, Z locations
fall through the code. In the case wheXeY, Z is outside the non-Standard zone region, the input absolute
zone numbeN must be returned t@ARS unchanged Another recommendation is to construct the logic of
the code so that satisfied conditions 'jump out’, and errfaiéthrough’. In this example, once a condition
is satisfied, and a zone number assigned, the code ’'jumpsfdabe conditional statements to the end, where
the absolute zone numbhilris assigned. If none of the conditional statements arefigatithe code 'falls
through’ to the end of this list of statements. If the cormiil statements are coded correctly, then the code
should never reach the 'fall through’ point. One can useftidsto catch errors. While this tactic may seem
unnecessary for a simple example, the logic to encode mureate geometries can rapidly become very
complex, and difficult to debug.

Now that the encoding and zone assignment of the simple beanp ds defined, return to the zone
initialization process. Every non-Standard zone whereutiee wants results to be tabulated must have it's
volume declared tomARS. The default method for handing volume valuesviers is to use subroutine
VFAN. As shown in the above code section, the default versioRESEL is set up to calVFAN in it's

initialization section, and similarlyyFAN contains an initialization section of it's own, executed tfirst
time the routine is called. For the simple beam dump exanspleroutine/FANis as follows -

SUBROUTI NE VFAN (N, V)
| MPLI CI T DOUBLE PRECI SION (A-H, O-Z), | NTEGER (I-N)

I NCLUDE ' bl regl.inc’
I NCLUDE 'tallyl.inc’

DATA NENTER/ O/
SAVE NENTER
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Par anet er (ZConc = 400. 0D0)
Paraneter (ZSteel = 150.0D0)
Paraneter (ZSteel _m ddle = 75. 0D0)
Par aneter (XSteel = 30.0D0)
Paraneter (YSteel = 35.0D0)

Par anet er (XConc = 100. 0D0)
Par anet er (YConc = 120.0D0)

C

C- - - - - - - - 4o . e o4 o e e e e e e e e e e e e e e e e -
N1=NFZPEX I NUMBER OF STANDARD+EXTENDED REG ONS

C

Cone-tine initialization section
| F(NENTER. EQ 0) THEN
NENTER=1
C
C Steel core - both sections the sane vol une
VOLUME (N1 + 1) = (2.0D0*XSteel )*(2.0D0*YSt eel ) *ZSt eel _ni ddl e
VOLNM (N1 + 1) = ' Upst Core’
VOLUME (N1 + 2) = Volume (N1 + 1)

VOLNM (N1 + 2) = 'DnstCore’

C

C The concrete around the sides of the steel core
Al = 2. 0DO*((2.0D0*YConc) *( XConc- XSt eel )) I Top and Bottom area
A2 = 2. 0D0*((YConc-YSteel)*(2.0D0*XSteel)) I two sides area
VOLUME (N1 + 11) = (Al + A2) * ZSteel
VOLNM (N1 + 11) = ' Conc Znl’

C

C The concrete in back of the steel core
VOLUME (N1 + 13) = (2.0D0*YConc) * (2.0D0*XConc) * (ZConc - ZSteel)
VOLNM (N1 + 13) = 'Conc Zn2’

C
Return
C
Cnon-initialization call - return the Volune for Zone N
El se
V = VOLUME (N)
End | f
C
RETURN
END

The same parameter list, usedRBGL, to describe the dimensions of the beam dump, is also indlude
here to calculate the volumes of the beam dump zones; almesuarecrn®. Zone volumes are placed
directly into themARs array VOLUME; these non-Standard zone volumes are written with an arffagto
of NFZPEX, just as the material content of each non-Standard zone miaged into arrayMATI ND. At
program startupmARS initializes all elements of arrayOLUME to zero. MARS then fills the Standard and
Extended zone sections of arrd@L UVE based on settings in tHdARS. | NP andGEOM | NP input files.
Finally, the user’s code is called to fill the non-Standardezportion.

Also filled is character arrayOLNM which holds an 8-character string name for each zone. Tray a
is initialized to hold blanks in the initialization sectiaf subroutineREGL. In subroutineVFAN this array
gets filled with zone names for each zone which gets a volusigraed. These zone names are used in the
non-Standard zone output fillUPLE. NON, and simply make it easier to locate the line holding theltesu
for a specific zone.

The non-Standard output fiMrTUPLE. NONholds a table of results for all declared non-Standard zones
Only zones which have been properly declared will have ary émtthe table of results, and the trigger for
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whatMARS considers proper declaration is a non-zero value for themelof the zone. So, even if there is
a material indicated for the zone entered intoM#d | ND array, even if code exists withiREGL (or called
from it), which describes the boundaries of the zone, argl ¢hde returns a non-Standard zone number
assignment, no results for that zone will be reported in thput unless the zone has a non-zero volume
entered into array OLUME. And, for the results to be correct, the volume value canearbitrary - it must

be the correct volume, corresponding to the encoded boigsdaf the zone. As discussed in sectidn 3,
that is is particle path length which is accumulated as @agiare tracked through zones, and to obtain the
particle flux in the zone, path length is divided by the zoneiwe. An incorrect value for the zone volume
will give incorrect results for the flux, and for all other vdts derived from particle fluxes.

The same local zone index is used when defining volumes.

can be greater than the total number of non-Standard zomesllgaused, because the declared array
space does not need to be close-packed.

MMAX is set by the user, and is the size of heRrs array space being reserved for the user’s non-
Standard zones. The user can defiblelAX in a DATA statement, as done in the distributescl, or via his
own parameter list or common block.

The user must be careful to coordinate the physical outendemies of his non-Standard volume with
the Standard zone(s) and/or Extended geometry zones define input decks. Non-Standard zones must
all fit inside Standard zones, or be aligned along the samedawies; non-Standard zones cannot extend
beyond the outermost defined Standard zone. This is becasistated above, the outermost extent of the
Standard zones defines farrs the outermost extent of the entire model. If the entire maslelefined
by the user fromREGL, then one must still have at least 1 Standard zone, and tkenua geometrical
values in theZSEC andRSEC cards in the input deck must correspond to the maximum ge@alelimits
set by the user withiREGL. Up to 80% of the cpu-time is spent in geometry modulesuiiolg REGL,
when propagating particles. If the user’s non-Standar@zdit within larger Standard zones, then the user
should test the input X,Y,Z on entry ®EGL, and if the current location is outside the overall nom8ad
volume,RETURNto MARS, with the input zone numbeéd unchanged. This is far more efficient than letting
all possible X,Y,Z locations fall through the user’s code.

If one wants to study cascades in a very complex geometry mbtaced by the above options, user
subroutineREGL andrREG2 must be providedMARS, version 13(95), allows the user to place geometri-
cal objects of almost any complexity inside the pre-defisgthdard (r-z-¢) or extended geometry. By
convention the total number efandard regionsNFZP must beNFZP>1. With the help of his/her own sub-
routinesREGL( X, Y, Z, N, NIl M andRE&( N, | M MAG) the user can describe arbitrary physical regions
numbered from th&M N<N<NMAX interval. HereNMAX=10000; NM N=NFZP+1 for the Standard ge-
ometry sector antiM N=NEXGW+NVCOL UMfor the extended geometry sector. Each region can be divided
into any number of arbitrary subregions with indéixMwith a default valueNl M=0. This feature provides
the possibility of distinguishing geometrical zones withgcoring results there. The user can successfuly
substitute this with theiBoOK histogramming (sesAIN).

For each call, a subroutirREGL( X, Y, Z, N, NI M finds the position of the given poinX( Y, Z) in the
system: it determines the corresponding physical regionb@uN (each with its own material index) and, if
one wishes, the subregion numidérM The last parameter can be used in a subrowiBeD to determine
the type of magnetic field (uniform, dipole, quadrupole )eircthe regionN. Default: MAG=0 (no magnetic
field in the region).

By convention the region outside of the global volume hasmaberN=0 and properties of thblack
hole In some applications it is useful to tag and to score thedgalout of the non-standard regions into
theblack holedabeled withN< —1 to use these negative tags in a user routieek . The user must pay a
special attention to careful programming of the subrouieel, because the geometrical modules consume
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usually about 80 % of the CPU time, as is typical of cascadet®i@arlo programs.

A simple example of subroutinREG1 is:

SUBRQUTI NE REGL(X, Y, Z, N, NI M

| MPLICI T DOUBLE PRECI SION (A-H, O Z), INTEGER (I-N)
NON- STANDARD GEQOVETRY MODULE

FI NDS THE PLACE OF G VEN PO NT | N THE SYSTEM
INPUT: X, Y, Z

QUTPUT:

N - PHYSI CAL REG ON NUMBER, NM N<N<NMAX

NM N=NFZP+1 ( STANDARD)

R

NM N=NEXGW+NVCOLUM ( EXTENDED)

NMAX=10000

N<-1 DEFI NES NUMBERED LEAKAGE QUT OF THE SYSTEM
I N NON- STANDARD SECTOR

Nl M - GEOVETRI CAL SUBREG ON NUMBER, O0<NI M

REVI SI ON:  28- FEB- 1995

O00000000000000

R=SQRT( X* X+Y* Y)
| F(R LT.10.) RETURN
M=500
| F(R LT.150.) THEN
| F(Z. LT. 490.) THEN
C STEEL SHI ELDI NG
N=M+1
C TUNNEL:
| F(R GT.30.) N=M#2
END | F
ELSE
C CONCRETE SHELL:
N=M+3
END | F
RETURN
END

5.5 SubroutineVvFAN - Specifying Zone Volumes

The code calculates volumes in arbitrary (overlapped)regin a short Monte Carlo session once one puts
CTRL 3=1 in the MARS. | NP file. As described in Section-4, these regions are contamedcylinder
defined by the thdRZVL card. The results go into an output fNOLMC. NON in the format ready for
inclusion into the user routingFAN. Statistical errors for the calculated volumes are alstudes to see if

a number of eventSVTRI AL in this session is enough.

Here is an example of ¥OLMC. NONto be included inVFAN:

VOLUME( 7) = 0.8712684D+02 1o+ - 1.39% M= 1
VOLUME( 8) = 0.8915421D+02 o+ - 1.37% M= 2
VOLUME( 9) = 0.8840023D+02 1o+ - 1.38% M= 3
VOLUME( 10) = 0.8766300D+02 1o+ - 1.38% MF 4
VOLUME( 11) = 0.8761274D+02 o+ - 1.38% M= 5
VOLUME( 12) = 0.8754572D+02 1o+ - 1.38% M= 6
VOLUME( 13) = 0.8628908D+02 1o+ - 1.39% M 7
VOLUME( 14) = 0.8806513D+02 o+ - 1.38% M= 8
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VOLUME( 15) = 0.8917097D+02 1o+ - 1.37% M= 9
VOLUME( 16) = 0.8922123D+02 1o+ - 1.37% M= 10
VOLUME( 17) = 0.8677498D+02 1o+ - 1.39% M= 11
VOLUME( 18) = 0.8863480D+02 1o+ - 1.37% M= 12
VOLUME( 19) = 0.8769651D+02 1o+ - 1.38% M= 13
VOLUME( 20) = 0.8774678D+02 1o+ - 1.38% M= 14
VOLUME( 21) = 0.8752896D+02 1o+ - 1.38% M= 15
VOLUME( 22) = 0.8853427D+02 1o+ - 1.38% M= 16
VOLUME( 23) = 0.9057840D+02 1o+ - 1.36% M= 17
VOLUME( 24) = 0.8818241D+02 1o+ - 1.38% M= 18
VOLUME( 25) = 0.8972389D+02 1o+ - 1.37% M= 19
VOLUME( 26) = 0.8778029D+02 1o+ - 1.38% M= 20
VOLUME( 27) = 0.4521213D+03 1o+ - 0.61% M= 21
VOLUME( 28) = 0.4606161D+03 1o+ - 0.60% M= 22
VOLUME( 29) = 0.4611858D+03 1o+ - 0.60% M= 23
VOLUME( 30) = 0.4583374D+03 1o+ - 0.60% M= 24
VOLUME( 31) = 0.4584715D+03 1o+ - 0.60% M= 25
VOLUME( 32) = 0.4570305D+03 1o+ - 0.61% M= 26
VOLUME( 33) = 0.4621576D+03 1o+ - 0.60% M= 27
VOLUME( 34) = 0.4569300D+03 T+ - 0.61% M= 28
VOLUME( 35) = 0.4548021D+03 1o+ - 0.61% M= 29
VOLUME( 36) = 0.4573154D+03 1o+ - 0.61% M= 30
VOLUME( 37) = 0.4591919D+03 1o+ - 0.60% M= 31
VOLUME( 38) = 0.4571311D+03 1o+ - 0.61% M= 32
VOLUME( 39) = 0.4592087D+03 1o+ - 0.60% M= 33
VOLUME( 40) =  0.4649390D+03 1o+ - 0.60% M= 34
VOLUME( 41) =  0.4573824D+03 1o+ - 0.61% M= 35
VOLUME( 42) = 0.4620738D+03 1o+ - 0.60% M= 36
VOLUME( 43) =  0.4534784D+03 1o+ - 0.61% M= 37
VOLUME( 44) =  0.4571981D+03 1o+ - 0.61% M= 38
VOLUME( 45) =  0.4580358D+03 1o+ - 0.60% M= 39
VOLUME( 46) =  0.4558744D+03 1o+ - 0.61% M= 40
VOLUME( 47) =  0.1557392D+03 1o+ - 1.04% M= 41
VOLUME( 48) = 0.1562921D+03 1o+ - 1.04% M= 42
VOLUME( 49) = 0.1551360D+03 1o+ - 1.04% M= 43
VOLUME( 50) = 0.1569288D+03 1o+ - 1.03% M= 44
VOLUME( 51) = 0.1539464D+03 1o+ - 1.04% M= 45
VOLUME( 52) = 0.1565435D+03 1o+ - 1.03% M= 46
VOLUME( 53) = 0.1562586D+03 1o+ - 1.04% M= 47
VOLUME( 54) = 0.1573310D+03 1o+ - 1.03% M= 48
VOLUME( 55) =  0.1549015D+03 1o+ - 1.04% M= 49
VOLUME( 56) = 0.1559905D+03 1o+ - 1.04% M= 50
VOLUME( 57) = 0.5464025D+03 1o+ - 0.55% M= 51
VOLUME( 58) = 0.5460674D+03 1o+ - 0.55% M= 52
VOLUME( 59) =  0.5474246D+03 1o+ - 0.55% M= 53
VOLUME( 60) = 0.5488823D+03 1o+ - 0.55% M= 54

In a standard geometry sector the volumes of the regions needed, for deargpcompute energy
deposition density id/eV/ g, are calculated at the final stage in &RVN subroutine. The array of volumes
WV of thenon — standard regionsMshould be provided by the user in a subroudAN( N, V) . The same
subroutine can be used in specific activity and residual dagecalculations dtND( 13) =T. The VFAN
routine can look as:
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SUBROUTI NE VFAN( N, V)

| MPLI CI' T DOUBLE PRECI SION (A-H, O Z), |INTEGER (I-N)
C FIND VOLUME V(N),CM*3 OF REG ON N OF THE NON- STANDARD GEOVETRY
C VOLUME(N) ARE DEFINED I N SERV FOR N <= NFZP

I NCLUDE 'tallyl.inc’

DATA NENTER/ 0/

SAVE NENTER

N1=NFZPEX (NUMBER OF STANDARD+EXTENDED REQ ONS)

| F(NENTER. EQ 0) THEN

NENTER=1

C PUT HERE THE REAL VOLUMES (CM*3) FOR ALL THE NEEDED ===
C NON- STANDARD REG ONS <= Mp;ax, |.E. REDEFI NE ANY OF THE
C PRE- DEFI NED VOLUVME( L) =0. DO
C For exanpl e:
C VOLUME(N1+2) =PI*RCO.L*RCOL*180. D0
C VOLUME(N1+3) =PI *(400. D0-RCOL*RCOL) *60. DO
C VOLUME( N1+365) =VOLUVE( N1+3)
END | F
V=VOLUVE( N)
RETURN
END

5.6 SubroutineREG3 - Standard Zone Re-numbering

In some cases it is convenient to re-define a few materiabamaégnetic indices assigned to tendard
or extended regions at the initilization stage. This can be easily don user routin®eG3, e.g.:

SUBROUTI NE REG3

| MPLI CI T DOUBLE PRECI SI ON (A-H 0-Z), I NTEGER (I-N)
C RE-DEFINES | M AND MAG FOR STANDARD SECTOR

| F(N. EQ 137) | Me14

| F(N. EQ 2503) | Me2

RETURN

END

5.7 SubroutinesriELD & SUFI - Description of Magnetic & Electric Fields

To describe the magnetic field compone®X,(BY, BZ) in the regions with paramet®&AG£0 the user puts

I ND( 4) =T and provides a subroutireELD. The same routine is used to describe an electrical field. One
can use a corresponding map or analytical expressions tahfinfield components in the poink(Y, Z).
ParameteMAG defined inREG2 can speed up the search. It indicates the type of the fielekinegion. The
unit for magnetic field isl"esla. A 2-D or 3-D field map is read in a user routis@F! at the initilization
stage and transfered to the routmeLD via appropriateCOVMON block.

An example of therFIELD subroutine is:
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SUBROUTI NE FI ELD(N, X, Y, Z, BX, BY, BZ, BBB)

| MPLI CI T DOUBLE PRECI SION (A-H, O-Z), | NTEGER (I-N)
FI NDS COMPONENTS OF MAGNETI C FI ELD

| NPUT: MAG - MAGNETI C | NDEX AT G VEN POl NT

X,Y,Z - PO NT' S COORDI NATES ( OPTI ONAL)

FI ELD MAPS

QUADS GRADI ENTS I N T/ CM

G>0 FOR FOC QUADS, G<0 FOR DEFOC QUADS

OUTPUT: BX, BY, BZ, BBB | N TESLA

REVI S| ON:  16- DEC- 1994

O000O00O00O0

COWON BLI NT2/ JJ, KK, MAG

DATA RAQ BQUA, Gl/8.,2.,0.53/
BX=0.

BY=0.

BZ=0.

| F(Z.LT.622.) THEN

BX=5.

| F(MAG. EQ. 2) BX=-5.

ELSE

CALL QUAD(X, Y, R, RAQ Gl, BX, BY)
CALL DI POLE(X, Y, R, RAQ BQUA, BX1, BY1)
BX=BX+BX1

BY=BY+BY1

END | F

RETURN

END

5.8 SubroutineRFCAVT - Description of Accelerating Components

SUBROUTI NE RFCAVT(JJ, VECT, VOUT, E, TOFF, NI B, NI M | FLAG

| MPLI CI' T DOUBLE PRECI SION (A-H, O 2Z), INTEGER (I-N)

RF CAVI TY KI CK:

DI SCRETE AT BOUNDARI ES BETWEEN REG ONS W TH SPECI AL NUMBERS NI B AND NI M
NI B - PRIOR CROSSING N M- AFTER CRCSSI NG

INPUT : JJ, VECT (XY, Z, DCX, DCY,DCZ,P), E, TOFF, NIB, NIM
QUTPUT: VQUT (X Y, Z, DCX, DCY, DCZ, P), E, | FLAG

VECT(1) - VECT(7) AND E ARE RE- DEFI NED TO VOUT(1)-VOUT(7) AND E
| FLAG=1 MUST BE RAI SED

| FLAG=2 - E,ew <0

I NCLUDE ' crmmasnsg. i nc’

DI MENSI ON VECT(7), VOUT(7)

DO L=1,7

VOUT( L) =VECT(L)

END DO

RETURN

END

O0O00000OO0

OO0

5.9 Fictitious Scattering ALIGN , SAGIT)

In some applications components of the considered systenbedurned or shifted with respect to each
other. Say, the arc of any circular accelerator is built efrilagnets turned by a fixed angiears, version
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13(95), allows an elegant way to handle such systems. Thealaseribes the geometry as the straight along
the z-axis. Then, with the help of a routime.IGN, he/she creates the angular or space kicks at the required
boundaries in the directiongppositeto the real ones. One can easily see that the resulting c@tedi

and angles of any particle are identical to those in the beat geometry. It is convenient to use spare
NI Mparameters to control such “a fictitious scattering” at #nguired boundaries witNl BNl Mas that
parameter in a previous region. Of course, any coordinaideaised to locate the needed boundary.

The following example shows use of taeiGN routine for a single kick:

SUBROUTI NE ALI GN\( VECT, VOUT, NI B, Nl M | FLAG)

| MPLI CI T DOUBLE PRECI SION (A-H, O-Z), | NTEGER (I-N)

FI CTI TI OUS SCATTERI NG

DI SCRETE AT BOUNDARI ES BETWEEN REG ONS W TH SPECI AL NUMBERS NI B AND NI M
NIB - PRI OR CROSSING N M- AFTER CROSSI NG

VECT, VOUT: X, Y, Z, DCX, DCY, DCZ, P

VECT( 1) - VECT(6) CAN BE RE- DEFI NED TO VOUT( 1) - VOUT(6),

NORMALLY AT I ND(4) =T

| F SO, VOUT(1)-VOUT(6) MUST BE FILLED AND | FLAG=1 MUST BE RAI SED
DI MENSI ON VECT(7) , VOUT( 7)

DO L=1, 6

VOUT( L) =VECT( L)

END DO

RETURN

END

O0O0O000O0

OO0

SUBROUTI NE SAG T( CHARGE, STEP, VECT, VOUT, NREG, | FLAG)

| MPLI CI T DOUBLE PRECI SI ON (A-H O-Z), I NTEGER (I-N)

FI CTI TI QUS SCATTERI NG

ON STEP | N REG ON NUVBER NREG

VECT, VOUT: X, Y, Z, DCX, DCY, DCZ, P

VECT( 1) - VECT(6) CAN BE RE- DEFI NED TO VOUT( 1) - VOUT(6),
NORMALLY AT I ND(4) =T

| F SO, VOUT(1)-VOUT(6) MUST BE FILLED AND | FLAG=1 MUST BE RAI SED
DI MENSI ON VECT( 7) , VOUT( 7)

DO L=1, 6

VOUT( L) =VECT( L)

END DO

RETURN

END

O0O0000

OO0

The same method is used MnRS to handle objects with saggita, i.e. continuously bent.ctifous
scattering” defined in a user subrouti®eGIT as aranti-kick at every step along charged and neutral particle
trajectories, simplifies the geometry description and raakgrecise correspondence to the real bent objects.

5.10 Edge Scattering EDGEUS)

If the “edge scattering problem” is considered withND(9) =T and the geometry includes
non — standard insertions defined withREGL and REG2, the user should supply a subroutine
EDGEUS( X, Y, Z, DX, DY, DZ, U, V) . It finds the distancé& from the given trajectory poin®, Y, Z) to a
non-standard surface, and the projectibaf the direction vectorX, DY, DZ) to the normal to the surface
which passes in its positive direction through the paitY, 2).

This example shows use of tlEDGEUS routine for the surfac&=YPL >0 and for the particle with
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Y>YPL andDY<O:

SUBROUTI NE EDGEUS( X, Y, Z, DX, DY, Dz, U, V)

| MPLI CI T DOUBLE PRECI SION (A-H O 2), INTEGER (I-N)
EDGE- SCATTERI NG PROBLEM

U=Y- YPLANE

V=DY

RETURN

END

5.11 SubroutineLEAK - Creating custom source terms

I M= —1 and region numbeN < 0 to blackholes, which are either all material outside of the simulated
volume (V = 0) or any region inside marked with' = —1, —2, —3, ... where entering particles are killed.
This feature is used for special scoring, or for forming arseterm for the cosequent runs, both in subrou-
tine LEAK.

A user subroutindlEAK( N, K, JJ, W E, X, Y, Z, DCX, DCY, DCZ, TOFF) handles particles which
escape from the system\£0) or from thenon — standard regions tagged witiN< —1. ParameteK
is the tree vertex level (generation number) for the hadrpait of the calculated cascadel ND( 14) =T,
thenK has the same meaning as the above if given particle was getién® A vertex atE>0. 0145 GeV,
otherwise it is forced to b&=—-205, if the leaked neutron was produced in sequent interacti@hswv
0.0145 GeVJJ is particle type from Tablgl2. IK=—205, the particle type is neutron by default ahd is
its energy group number from Talflle\Wis leaked particle statistical weiglt,is its kinetic energy, X, Y, 2)
and OCX, DCY, DCZ) - its coordinates and direction cosines, respectively.

The routineLEAK used in an example in Secti@gn5.20 to collect generated rattips in the file
PBAR.OUT looks like:

[ONONON]

@

SUBROUTI NE LEAK(N, K, JJ, WE, X, Y, Z, DCX, DCY, DCZ, TOFF)
| MPLI CI T DOUBLE PRECI SION (A-H, O-Z), | NTEGER (I-N)
PARTI CLE LEAKAGE SPECI AL SCORI NG

| F(K=-205): JJ=NGROUP, E=0.0005*(EN(JJ)+EN(JJ+1))
FOR L. E. NEUTRONS ( E<0. 0145 GEV)

REVI S| ON:  02- NOV- 1994

DATA POPT, DPO, DZ0/ 8. 9, 0. 022, 0. 99/

| F(JJ. NE. 12) RETURN

| F(DZ. LE. DZ0) RETURN

P=SQRT( E* (E+1. 87656))

DP=ABS( ( P- POPT) / POPT)

| F( DP. GT. DPO) RETURN

WRI TE(9) E, W X, Y, Z, DCX, DCY, DCZ, K
RETURN

END
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5.12 SubroutineSMHSETU, MFILL , HISTODB - User Histograms

SUBROUTI NE MHSETU

C SET UP HI STOGRAM ARRAYS
C H STOGRAM ENTRY FOR USER- DEFI NED HI STOGRAMM NG
C H STOGRAM | D AVAI LABLE: 700<I D<999
C H STOGRAM TYPE:
C IHTYP = 1 - COLLISION
C IHTYP = 2 - STEP
C IHTYP = 3 - ENERGY DEPCSI TI ON
| MPLI CI T DOUBLE PRECI SI ON (A-H, O-Z), |INTEGER (I-N)
C REMEMBER, HBOOK IS A SINGLE PRECI S| ON ENG NE
C DON T FORGET THE ' REAL’ DECLARATI ONS SUCH AS:
C REAL AA ELB, X1, Y1, Y1, Y2
C CALL HBOOKB(| D, AA, NEB, ELB, 0.)
C CALL HBOOK2(ID, TI TLE, NX, X1, Y1, NY, Y1, Y2, 0.)
RETURN
END

SUBROUTI NE MFI LL

(I HTYP, NREG, | M JJ, E1, E2, DELE, W X1, Y1, Z1, X2, Y2, Z2, DCX, DCY, DCZ, STEP, TOF, NI, | DPRC)
H STOGRAM ENTRY FOR USER- DEFI NED HI STOGRAMM NG

For neutrino, scoring in MFILL only of their production vertex info

HI STOGRAM | D AVAI LABLE: 501<I D<700

CALL TYPE:

I HTYP = 1 - COLLI SI ON

| HTYP = 2 - STEP (" TRACK- LENGTH")

| HTYP = 3 - ENERGY DEPOCSI TI ON (LOCAL OR ON THE STEP)

NREG - REGQ ON NUMBER FOR COLLI SI ON OR STEP START

STEP - STEP (cm

E1l - ENERGY BEFORE STEP ( GeV)

E2 - ENERGY AFTER STEP (GeV)

DELE - ENERGY DEPCSI TED (GeV), LOCALLY OR ON THE STEP

W - STATI STI CAL VEI GHT

X1, Y1, Z1 - COORDI NATES AT THE STEP START (cm

X2,Y2,722 - COCORDI NATES AT THE STEP END (cm)

DCX, DCY, DCZ - DI RECTI ON COSI NES AT THE STEP START

TOF - TI ME- OF- FLI GHT AT THE STEP END (sec)

NI - H STORY NUMBER

| DPRC - PROCESS | D

| HTYP=1: E1=E2, DELE=0, STEP=0, X1=X2, Y1=Y2, Z1=72

| HTYP=3: El.ne.E2, DELE>0; STEP=0 (X1=X2, Y1=Y2, Z1=72) OR STEP>0 (X1.ne. X2, Yl.ne.Y2
| DPRC PRCOCESS
kkkkhkkhkhkhkkhkkhkhkhkhkhkhkhkhkhkhkhhkhkhkhkhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhk kikikhkhkhkkkhkhkhkkkk,k k kikhkhkkikkikkkkkkkkk**%
1 DPA ELASTI C AND | NELASTI C

2 RECO L NUCLEUS LOCAL DEPCSI TI ON ( NON- LAQGSM

3 Local deposition of heavy ions at AA-vertex (NON-LAQGSM
4 STAR DENSI TY

5 FI SSI ON CEM LOCAL ( NON- LAQGSM

6 FI SSION >5 GEV LOCAL ( NON- LAQGSM

7 HEAVY FRAGVENTS LOCAL DEPOSI TI ON ( NON- LAQGSM

8 d, t, He3 and He4 LOCAL DEPGCSI TI ON ( NON- LAQGSM

9 SURFACE CROSSI NG BY HADRONS AT | ND( 6) =T

10 STAR DENSI TY AT | ND(6) =T

O00000000000000000000000000O000O000000
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O00000000000000000000000000000000000000O00000

O0000000O0OO0

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

Origin tagging for

FLUENCE AT | ND(6)=T
ENERGY DEPOSI TI ON by SUB- THRESHOLD hadr ons

SURFACE CROSSI NG BY NEAR- THRESHOLD HADRONS

FLUENCE BY NEAR- THRESHOLD HADRONS

ENERGY DEPOSI TI ON ON STEP BY NEAR- THRESHOLD HADRONS
SURFACE CROSSI NG BY NEUTRAL HADRONS OR I N VACUUM
SURFACE CROSSI NG BY CHARGED HADRONS | N MATERI AL
ENERGY DEPOSI TI ON ON STEP BY CHARGED HADRONS
FLUENCE BY HADRONS
ENERGY DEPCSI TI ON BY SUB- THRESHOLD e+e- from hadrons
e+e- vertex by nuon
FLUENCE BY MJUONS
SURFACE CROSSI NG BY MUONS

ENERGY DEPOSI TI ON ON STEP BY MUONS
BREMS VERTEX BY MJONS
NUCL VERTEX BY MJONS

ENERGY DEPOSI TI ON BY SUB- THRESHOLD BREMS OR NUCL PRODUCTS OF MJONS

ENERGY DEPOSI TI ON BY SUB- THRESHOLD MJUONS

ENERGY DEPOSI TI ON BY HEAVY FRAGVENTS FROM MUON CAPTURE
MJUON DECAY VERTEX
SURFACE CROSSI NG BY EMs
FLUENCE BY EMS
ENERGY DEPOSI TI ON ON STEP BY e+ and e-
ENERGY DEPOSI TI ON BY SUB- THRESHOLD EM5
DELTA- ELECTRON VERTEX

LE
LE
LE
LE
LE
LE
LE
LE
LE
LE
LE
LE
LE
LE

neut ron
NEUTRON
NEUTRON
NEUTRON
NEUTRON
NEUTRON
NEUTRON
NEUTRON
NEUTRON
NEUTRON
NEUTRON
NEUTRON
NEUTRON
NEUTRON

FLUENCE BY
GAS CAPTURE ( HE)
GAS CAPTURE (LE)
NEUTRI NO PRODUCTI ON VERTEX

| MPLI CI T DOUBLE PRECI SI ON (A-H, O Z), INTEGER (I-N)
REMEMBER, HBOOK |'S A SINGLE PRECI S| ON ENG NE

DON T FORGET CONVERSI ONS OF THE FOLLOW NG TYPE:
REAL EEH, WAH, XL, YL, WH
EEH=REAL( E1)
VWAHEREAL (W
CALL HFI LL(I D, EEH, 0., WAH)
CALL HF2(1D, XL, YL, WH)

vertex

FLUENCE ON STEP
SURFACE X- | NG

SURFACE CROSSI NG AT | ND(6) =T
FLUENCE AT

LOCAL
LOCAL
LOCAL
LOCAL
LOCAL
LOCAL
LOCAL
LOCAL
LOCAL
NEUTRI

ED:
ED:
ED:
ED:
ED:
ED:
ED:
ED:
ED:
NO

I ND( 6) =T

no new n or ganma gener at ed

recoil proton bel ow 50 keV (El=Ep)
deuteron i n non- LAQGSM ( E1=Ed)
vertex non-fission MCNP (El=Eterm
capture on Li or B in non-LAQGSM ( El=Ehi)
sub-t hreshol d (El=En)
SUB- THRESHOLD AT | ND(6) =T
fission
vertex non-fission BNAB

hadr ons, muons, neutrino, heavy ions and

el ectromagneti c showers (EMS) nmoved from TAGPR
RETURN
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END

5.13 SubroutinewRTSUR - Custom Output

SUBROUTI NE WRTSUR(T UNI'T, NI, JJ, E, WX Y, Z, DCX, DCY, DCZ, TOFF)
PARTI CLE AT THE SURFACE DETECTOR
FOR VRI TI NG, HI STOGRAMM NG ETC.
UNI T=81-90 WRITE: fort.81 - fort.90 RESERVED FOR SURFACE DETECTOR FI LES
| NTAG paraneter of tally2.inc can be used as a flag for a source
particle to propogate it through the code to WRTSUR, RAYN, RAYMJ etc.
| MPLI CI T DOUBLE PRECI SION (A-H, O Z), |INTEGER (I-N)
I NCLUDE ' crmmasnsg. i nc’
I NCLUDE ’'tally2.inc’
COWON BPRI WMHI T/ PRI MEHI TX, PRI MEHI TY, PRI MEHI TZ
COMMON BPRTAG XORI G, YORI G, ZORI G WORI G, ECRI G, | ORI G KORI G, NRORI G | MORI G
PARAMETER ( CLI GHT=29979245800. DO)
PARAMETER (I WRTYP=1) ! nonentum conponents (particle production)
C PARAMETER (I WRTYP=2) ! energy and cosines (source term for staging)
C PARAMETER (I WRTYP=3) ! energy, cosines etc for heavy ions
| F(1 WRTYP. EQ 1) THEN
ET=E+PM JJ)
PA=SQRT( E* (E+2. DO*PM JJ)))
CTOFF=CLI| GHT* TOFF
PX=PA* DCX
PY=PA* DCY
PZ=PA* DCZ
WRI TE(I UNI'T, 101) NI, JJ, X, Y, Z, PX, PY, PZ, ET, CTOFF, W
101 FORMAT(I 8,13, 3F11. 3, 6( 1PE14. 6))
ELSE | F(I WRTYP. EQ 2) THEN
WRI TE(1 UNI'T, 102) NI, JJ, E, W X, Y, Z, DCX, DCY, DCZ, TOFF
102 FORMAT(I 8,13, 5(1PE13.5), 3F14. 10, 1PE13. 5)
ELSE | F(I WRTYP. EQ 3) THEN
TH=ACOS( DCZ)
| F(HzZA1. GT. 0. DO) THEN
EA=E/ HZA1
ELSE
EA=E
END I F
WRI TE(1 UNI'T, 103) NI, JJ, HZZ1, HZA1, W EA, TH, X, Y, DCX, DCY
103 FORMAT(I11,17,2F8.2,5(1PE12. 4), 2(1PE15.7))
END I F
RETURN
END

O0O000

5.14 SubroutineTAGPR - Particle Origin Tagging
Origin tagging for hadrons, muons, heavy ions and electgoretic showers (EMS). Particle/ of weight

W and energy®'1 makes a stepT' E P starting from point X, Y, Z) in region N REG. Both this point and
the step fully belong to the regioN R EG with material index/ M. Particle energy at the end of the step is
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E2. The current history number i§7. ST EP = 0 for sub-threshold particledr'1 = E2 for neutrals and
in vacuum.

This particle (/J is not 9, 10 or 11) or the EMSJ( is 9, 10 or 11) was originated by parti-
cle with ID=IORIG of energy FORIG and weightWORIG in the processK ORIG at the point
(XORIG,YORIG, ZORIG) in the regionN RORIG with material indexIMORIG. STEP > 0
for tracking, whileST E P = 0 for local energy depositionXE = E1 — E2).

SUBROUTI NE TAGPR(NREG, | M JJ, WEL, E2, X, Y, Z, STEP)

Origin tagging for hadrons, nmuons, heavy ions and el ectromagneti c showers (EMS).

Particle JJ of weight Wand energy E1l makes a step STEP starting from
point (X, Y,2Z) in region NREG Both this point and the step fully bel ong
to the region NREGwith naterial index IM Particle energy at the end
of the step is E2. The current history nunber is N

STEP=0 for sub-threshold particles. E1=E2 for neutrals and in vacuum

This particle (JJ is not 9, 10 or 11) or the EMS (JJ is 9, 10 or 11) was
originated by particle with I D=l ORI G of energy EORI G and weight WORIG i n

the process KORIG at the point (XORIG YORIG ZORIG in the region NRORIG with
material index | MORI G

STEP > 0 for tracking
STEP = 0 for local energy deposition (Delta_E = E1 - E2)

PARTI CLE I D (JJ):

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
p n pi+pi- K+ K mu+nu- g e- e+ pbar pi0O d t He3 He4 num nuam nue nuae
22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

KOL KOS KO AKO LAM ALAM SIG+ SIQ SIG nbar KSI0O KSI- OW sib- siOb sib+ AKSIO ksib+ onb+

JJ is PARTICLE ID: = 1-40 for tabul ated "el enentary" ones
= 1000*Z1 + Al - Z1 for Al>4
IORIG = I1KORIG1,...) - projectile ID
KORIG = IKORI2,...) - originID

NRORI G= | KORI (3, . ..
| MORI G= | KORI G(4, . ..

- origin region nunber
- origin material index

— — — —

0 - primary beam

1 - nuons, unst abl e particle decay
2 - muons, pronpt at hA-vertex

3 - nmuons, Bet he-Heitler pair

4 - nuons, e+e- anni hil ation

5 - hadrons, hA-vertex

6 - hadrons, elastic

7 - hadrons, from nuons

8 - hadrons, unstable particle decay
9 - hadrons, EMS
10 - hadrons, recoil LEN
11 - hadrons, from neutrinos

EBEE R R S . I N N S S R S S R N N S N N N N N N N N R N S N N S S . I N S N N *O

12 - EM5, i nduced by photons from pi 0- decay

13 - EM5, i nduced by synchrotron photons

14 - EM5, induced by g, e+, e-, at hA vertex

15 - EM5, i nduced by knock-on el ectrons from nuons or hadrons
16 - EMS5, i nduced by g, e+, e- fromunstable particle decay

17 - EM5, i nduced by pronpt e+e- from nuons or hadrons

18 - EM5, i nduced by brens photons from nuon

19 - EMs5, i nduced by photons from stopped rmuons
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* 20 - EMS, i nduced by photons from | ow energy neutrons

* 21 - nuons, vector nesons

C----

Cc CREATED: 11- AUG 2003 BY NVM

C 28- APR- 2006 BY NVM

Cc LAST CHANGE: 26- APR-2007 BY NVM

C----
G

| MPLI CI T DOUBLE PRECI SION (A-H, O-Z), |NTEGER (I-N)

COVMON
& / BPRTAG XORI G, YORI G, ZORI G WORI G, EORI G, | ORI G, KORI G, NRORI G, | MORI G
& /[ H ST/ NI, NSTOP, NUPRI , NHI PR

G - - - — e o e oo oo oo e e e e oo
C=== Exanple ===
C if(nreg.eq.9) then
cC write(l,100) NI, NREG I M JJ, W E1, E2, STEP,
C & XORI G YORI G ZORI G WORI G EORI G | ORI G KORI G NRORI G | MORI G
C 100 format (' N,NREGIMJJ, WEL, E2, STEP = ' ,i 7,15, 2i 3, 4(1pell. 4)/
C & " XORI G, YORI G, ZORI G, WORI G, EORI G, | ORI G, KORI G, NRORI G, | MORI G
C & ,'=",5(1pell. 4), 2i 3, 2i 5)
cC end if

RETURN

END
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5.15 SubroutineTAGGING - Energy Deposition Tagging
5.16 SubroutinekILLPTCL - Selective Particle Destruction

5.17 Block DataBLPROCESS - Biasing Control

BLOCK DATA BLPROCESS

| PRCEM K) 0 - exclusive

| PRCEM K) 1 - inclusive with a probability PRCEM K)

| PRCEM 0) - gl obal control

A obal bias control is currently done via BIAS card with paraneters in
COWON BLBI AS/ PPl KDEC, PMUPRMT, PMUBEHE, PMUANN, PPHNUC, PPBAR

in process.inc : | NTEGER NPRCEM NPRCHT, NPRCMT, NPRCNT, NPRCHA
in process.inc : | NTEGER | PRCEM | PRCHT, | PRCMT, | PRCNT, | PRCHA
in process.inc : DOUBLE PRECI SI ON PRCEM PRCHT, PRCMT, PRCNT, PRCHA
I NCLUDE ' process.inc’

cens

123

set EMS gl obal bias flag:

0 - exclusive

1 - LPB

2 - HALF

DATA | PRCEM 0, NPRCEM 0/

DATA | PRCEM 1, NPRCEM 0/

DATA PRCEM NPRCEM 0. DO/

hadr on- nucl eus vertex

DATA | PRCHA/ 0, NPRCHA* 0/

DATA PRCHA/ NPRCHA* 0. DO/

RETURN

END

O0O00000OO0

O000000

@]

5.18 Block DataHISTDUMP - Histogram Bin and DUMP Region Specification

BLOCK DATA HI STDUWP

G
Cc BASEL| NE VOLUME- SURFACE DETECTOR BI NNI NG

C AND

Cc SELECTED DUMP REG ON NUMBERS (0 < NBMA < 300)

Cc I N ADDI TI ON TO THE STANDARD GEOVETRY SECTOR

C----

Cc CREATED: 21- NOv- 2001 BY NVM

Cc LAST CHANGE: 14- FEB-2002 BY NVM

C----
G

| MPLI CI T DOUBLE PRECI SION (A-H, O-Z), |NTEGER (I-N)

COMMON/ BHBKRZ/ NZBI N( 3) , NRBI N( 3) , NXH, NYH
COVVON/ BLDUMP/ NBU( 300) , NBVA

C=== VOLUME R-Z DETECTOR BI NNI NG (at NOB > 0) ===
DATA NZBI N/ 200, 200, 200/ I Recommended
DATA NRBI N 120, 120, 120/ I Recommended

C=== SURFACE X-Y DETECTOR BI NNI NG (at NSURF > 0) ===
DATA NXH 150/ I Recommended
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DATA NYH 150/ I Recommended

C=== SELECTED DUMP REG ON NUMBERS (0 < NBMA < 300) ===
DATA NBMA O/
DATA NBU 300* 0/

For exanpl e:

DATA NBMWW 6/

DATA NBU 115, 116, 117, 921, 1050, 4380,
&  294*0/

O0000

END

5.19 MAD-MARS Interface User Routines

Routines used to assist the Mars-Mad beamline builder.

5.19.1 SubroutineMARS2BML

SUBROUTI NE MARS2BML( POS, W BLPCS, BLW
MARS- TO- BEAMLI NE TRANSFORMATI ON
CALLED I F I ND(13) =T

CREATED: 2002 BY IT
LAST CHANGE: 22- APR- 2003 BY NVM

| MPLI CI' T NONE

DOUBLE PRECI SI ON POS(3), W3), BLPOS(3), BLW3)
LOGI CAL FI RSTCALL

DATA FI RSTCALL/ . TRUE. /

SAVE FI RSTCALL

| NTEGER I T

C=== EXAMPLE OF REAL WORK ===

* | NCLUDE ' beant fset.inc’

* DOUBLE PRECI SI ON MADVEC( 3)

* DOUBLE PRECI SI ON XMAD, YMAD, ZMAD

* EQUI VALENCE ( XMAD, MADVEC( 1) ), ( YMAD, MADVEC( 2) ), ( ZMAD, MADVEC( 3) )

* DOUBLE PRECI SI ON aaa

* DOUBLE PRECI SI ON MADDI R( 3)

* DOUBLE PRECI SI ON WKMAD, WYMAD, WNVAD

* EQUI VALENCE ( WKMAD, MADDI R( 1)), ( WWMAD, MADDI R(2) ), ( WZMAD, MADDI R( 3))
*

* call mars2mad( POS(1), POS(2), POS(3), XMAD, YMAD, ZMAD)
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call mars2mad(W 1), W?2), W3), WKMAD, WYMAD, WZMAD)

i f(POS(3).GI.NuM _2_Z70) then
call set_current _beamnl i ne(2)
el se
call set_current _beam i ne(1)
endi f
i f (MADVEC(3).GE. 11894. 92D0. AND. MADVEC( 3) . LE. 11894. 94D0) THEN
cal |l gl ob2f| at ( MADVEC, MADDI R)
el se
cal |l gl ob2f| at ( MADVEC, MADDI R)
endi f
call mad2mar s( XMAD, YMAD, ZMAD, BLPOS( 1) , BLPOS( 2) , BLPOS( 3) )
cal |l mad2mar s( WKMAD, WYMAD, WZMAD, BLW 1) , BLW 2), BLW 3))
i f(BLPOS(3). GE. 931.0626d0) THEN
aaa=1.d0
ENDI F

E I I S B T R I T N R T I N R

=== COVMENT THI S MODULE FOR REAL WORK ===

| F(FI RSTCALL) THEN
WRI TE(*, *)’ MARS2BML: IND(13) is active, but transformation’
WRI TE(*,*)’ to the beanline coordinate systemis not defined.’
WRI TE(*, *)’ See exanple in MARS2BM. subroutine!’
FI RSTCALL=. FALSE.

ENDI F

DO 1T=1,3
BLPOS(1 T) =POS( I T)
BLW I T)=WIT)

END DO

RETURN
END

5.19.2 SubroutineBML 2MARS

SUBROUTI NE BML2MARS( BML_VEC, BML_DI R MARS_VEC, MARS DI R)
BEAMLI NE- TO- MARS TRANSFORMATI ON
CALLED I F I ND(13) =T

CREATED: 2002 BY IT
LAST CHANGE: 08- NOV-2002 BY NVM

| MPLI CI T NONE
DOUBLE PRECI S| ON BM._VEC( 3) , BML_DI R(3), MARS_VEC(3) , MARS_DI R( 3)
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INTEGER I T

C = = - = 4 e e o e Lo Lol a ol
C=== EXAMPLE OF REAL WORK ===

DOUBLE PRECI SI ON CBUF( 3), DBUF( 3)
| F(BML_VEC(3). CGE. 1234. 0989) THEN
call set_current _beanl i ne(2)
ELSE
call set_current _beam i ne(1)
ENDI F
CALL mars2mad( BM__VEC(1), BM._VEC(2), BM_._VEC( 3),
& CBUF( 1), CBUF( 2), CBUF(3))
CALL fI at 2gl ob( CBUF, DBUF)
CALL mad2mar s( CBUF(1), CBUF(2), CBUF(3),
& MARS_VEC( 1), MARS_VEC(2), MARS_VEC( 3))

L T T S . T T N

C=== COMMENT TH S DO LOOP FOR REAL WORK ===
DO | T=1, 3
MARS_VEC( 1 T) =BML_VEC(I T)
MARS DI R(1 T) =BML_DI R(I T)
END DO

RETURN
END

5.19.3 SubroutineBLINIT

SUBRCUTI NE BLI NI T( M_MAX, | MUN)

LAST CHANGE: 04- DEC- 2003 BY NVM

[
C MVBLB | NI TI ALl ZATI ON

C CALLED I F I ND(13) =T

C

C----

C CREATED: 2001 BY KRI OL

C MODI FI ED: 17- OCT- 2003 BY MAK

C

C

C

| MPLI CI T DOUBLE PRECI SION (A-H, O-2Z), | NTEGER (I-N)
| NTEGER | MUN( *)

i ncl ude ' blregl.inc’
include "tallyl.inc’

C=== EXAMPLE OF REAL WORK (uncomrent and nodi fy * whereever needed) ===
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| NCLUDE * SI MPLE_TUNNEL. | NC
| NI TZONE= 1

CALL BEAMLINES_IN USE(2) ! EXTENSION TO SEVERAL BEAM.I NES
CALL SET_CURRENT_BEAMLI NE( 1)

= Angle of rotation (azinmuth) about vertical axis (MARS X-axis), between

Z axis and projection of the beanm ine direction vector onto (Z,Y) plane.
A positive angle fornms a right hand screw with MARS X- axi s.

BL1_THETA= 0. DO

El evation angle, i.e. the angle between beamine direction and its
projection onto (Z,Y) plane. If it equals to zero, the beanline remains
in horizontal plane, positive phi correspond to increasing X

BL1_PH = 0.DO
Rol |l angl e about the beam ine direction vector, i.e. angle between line

fornmed by intersection of beamine (x,y)-plane with (Z,Y) plane and
beamine x axis. A positive angle forms a right hand screw with beaniine

= direction vector

BL1_PSI = 0.D0

Xx_start = 0.dO
y _start = 0.dO
z start = 0.dO

call buildbl( ’"opticsl’

& X_start, y_start, z_start,
& bl 1_theta, bl1 phi, bl1_psi,
& | ni t Zone)

write(*,*) REGL: | NFO use beam Eki n=",

& BeanKi neti cE,
& " :beam nmass’,
& BeanVass

BeanKi neti cE
BeamVhss

100. 0dO
0.93827231d0

call setebl( BeanKineticE, Beanlass, 5.6780d+03 )

call bl maxmat ( nbl nzmax )
if ( nblnzmax .gt. M MAX ) then
wite(*,*) "beanline 1: ',
& "nbl nzmax as read from bl mat nax ',
& nbl nzmax
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wite(*,*) 'is greater then M MAX , M MAX
stop ' STOP
else if ( nblnzmax .1t. M MAX ) then
wite(*,*) "beanine 1. ',
& "nbl nzmax as read from bl nat max ',
& nbl nzmax
wite(*,*) is less then MMAX , M MAX
endi f

if ( nblnznax .gt. 0 ) then
call bl mat (1 MUN)

el se
wite(*,*) 'Nunber of zones for NuM beamine <= 0
stop

endi f

call set_current_beamnine(2)

bl 2_theta = 0.0dO
bl 2_phi = 0.0d0
bl 2_psi = 0. 0dO
x_start = 0.dO
y_start = -300.d0
z_start = 3000.d0

I nitZone = 2000

call buildbl( "optics2’,

& X_start, y start, z start,
& bl 2 _theta, bl2_phi, bl2 psi,
& I ni t Zone)

call setebl ( BeanKineti cE, Beanivass, 5.6780d+03 )

call bl maxmat ( nbl nzmax )
if ( nblnzmax .gt. M MAX ) then
wite(*,*) "beanmine 1. ',

& "nbl nzmax as read from bl mat max ',

& nbl nznmax
wite(*,*) 'is greater then M MAX' , M MAX
stop ' STOP

else if ( nblnzmax .1t. M MAX ) then
wite(*,*) "beanine 1. ',
& "nbl nzmax as read from bl mat max ',
& nbl nznmax
wite(*,*) "is less then MMAX , M MAX
endi f
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* if ( nblnznmax .gt. 0 ) then

* call bl mat (1 MUN)
* el se
* wite(*,*) 'Nunber of zones for NuM beanline <= 0
* stop
* endi f
* do i =1, st _nof zones
* call sinple_tunnel _mat(i, | MJIN(i+st _first_zone-1))
* end do
C... volunme nanes
* call set_current_beanline(1)
* call bl name( VOLNM NFZPEX+1))
* call set_current _beanline(2)
C* cal | bl name( VOLNM NFZPEX+1) )
RETURN
END

5.19.4 SubroutineBLGEOINIT

SUBROUTI NE BLGEO NI T( BEAMLI NE_| D)
MVBLB ELEMENT REG STRATI ON
CALLED I F I ND(13) =T

CREATED: 2001 BY KRI QL
MCDI FI ED: 17- OCT- 2003 BY MAK
LAST CHANGE: 04- DEC- 2003 BY NVM

| MPLI CI' T NONE
| NTEGER BEAMLI NE_I D

C=== EXAMPLE OF REAL WORK (uncomment and nodi fy * whereever needed) ===

* I NCLUDE ’ DRI FT. | NC
* I NCLUDE ’ RBENDEPB. | NC

* EXTERNAL
DRI FT_NAME_FUNC,
DRI FT_I NI T_FUNC,
DRI FT_MAT_FUNC,
DRI FT_FI ELD_FUNC,

*
Ro Ro Ro Qo
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& DRI FT_VOL_FUNC,
& DRI FT_GEO_FUNC,
& DRI FT_ZONENANME_FUNC

|F (BEAMLINE_ID .EQ 1) THEN
CALL MARS_EL_REG STER( 1,
DRI FT_NOF_ZONES,
DRI FT_NAME_FUNC,
DRI FT_I NI T_FUNC,
DRI FT_GEO_FUNC,
DRI FT_MAT_FUNC,
NO_FI ELD,
DRI FT_VOL_FUNC,
DRI FT_ZONENAME_FUNC )

Ro Ro Ro R0 Ro Ro Qo Ro

CALL MARS EL_REG STER( 2,
RBENDEPB_NOF_ZONES,
RBENDEPB_NAVE_FUNC,
RBENDEPB_| NI T_FUNC,
RBENDEPB_GEO_FUNC,
RBENDEPB_MAT _FUNC,
RBENDEPB_FI ELD_FUNC,
RBENDEPB_VOL_FUNC,
RBENDEPB_ZONENANME_FUNC )

Ro Qo Ro Ro Ro Ro Qo Ro

ELSE | F(BEAMLINE_ID . EQ 2) THEN
CALL MARS EL_REG STER( 1,
DRI FT_NOF_ZONES,
DRI FT_NAVE_FUNC,
DRI FT_I NI T_FUNC,
DRI FT_GEO_FUNC,
DRI FT_MAT_FUNC,
NO_FI ELD,
DRI FT_VOL_FUNC,
DRI FT_ZONENAVE_FUNC )

Ro Qo Ro Ro Ro Ro Qo Ro

CALL MARS EL_REG STER( 2,
RBENDEPB_NOF_ZONES,
RBENDEPB_NAVE_FUNC,
RBENDEPB_| NI T_FUNC,
RBENDEPB_GEO_FUNC,
RBENDEPB_MAT _FUNC,
RBENDEPB_FI ELD_FUNC,
RBENDEPB_VOL_FUNC,
RBENDEPB_ZONENANME_FUNC )

Ro Ro Ro Ro Ro Ro Qo Ro

END | F

RETURN
END
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5.19.5 SubroutineTUNNELGEO

SUBROUTI NE TUNNEL_ GEQ( XLOCVAD, YLOCVAD, ZLOCMAD, XGLMAD, YGLMAD,

& ZGLNMAD, NZ, BLI NDX, ELI NDX, ELBEG NS, ELLENGTH, ANGLE, PREVANGLE,
& NEXTANGLE)
I MPLI CI' T NONE

I NTEGER NZ, BLI NDX, ELI NDX
DOUBLE PRECI SI ON XLOCMAD, YLOCMAD, ZLOCMAD, XGLMAD, YGLMAD, ZG-MAD,
& ELBEGQ NS, ELLENGTH, ANGLE, PREVANGLE, NEXTANGLE

RETURN
END

5.20 User Subroutine Examples
5.20.1 Simple Model of Beam on a Target

Example 1. Calculate antiproton production with 9-cm long 1-cm diaenetopper target irradiated with

120-GeV proton beam. Beam R.M.S spot sizerjss0.005 cm andr,=0.007 cm. In addition to forced

antiproton production the user is interested in energy siéipa calculation including knock-on electron
ande™e™-pair production by hadrons. To create a file of antiprotoesegated on the target in a given
phase space, the user addsiniN :

OPEN (UNI T=9, FI LE=" PBAR. QUT" , STATUS=" UNKNOVN )

and a few statements in theAK routine (Sectiol’5.11). The geometry and scoring is desdrib the
standard mode. ThemARS.INP file can look as:

Pbar Cu Target, sigx=0.005, 02-Nov-2012
INDX T 5=T 12=T

NEVT 100000

ENRG 120.

IPIB1 2

BEAM 0. 005 0. 007

SM N 0. 001 3.

MATR ' MATER. | NP’

ZSEC 9. 51=3

NLTR 5

RSEC 0. 002 0.005 0.01 0.1 .5
STOP

The geometry is very simple here, completely adequate tatifvedard mode. Instead of the above
bining and writing to a filePBAR.OUT, one can use&iBOOK (seeMAIN) for analyses of energy deposition
and generated antiprotons. Then the solid target can belssgust as:

ZSEC 9.
RSEC 0.5
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5.20.2 Beam Dump

Intense 800-GeV proton beam hits a graphite dump followedlbsinum and steel absorbers, by 210-cm
vacuum gap, by 5-cm polyethylene slab, and finally by 1 métaneet dirt. The user is interested in energy
deposition calculations, in maximum amount of the outputluding partial distributions, temperature rise
and estimation of a residual dose rate, in intermediatdtrésmps. The routin®ecl (Sectior 5l4) defines
the dump as surrounded with a steel shield sitting at the @xéshypothetical cylindrically symmetrical
tunnel with 30-cm thick concrete walls. With these threer usatines astandard MARS.INP file can look

as Option 1:

Tevatron CO Dunp, 02/28/95

INDX T T 8=T

NEVT 500000 5

IPIB1 2

ENRG 800.

SM N 0.01 8.

BEAM 0. 0416 0.0944

VARS 0. 1. 300. 4.E13

MATR ' MATER. | NP’

CMATR'C '"AL’ "FE 'CONC 'CH2' "M XT’
26=2.1

NLNG 7

ZSEC 350. 425. 475. 490. 700. 705. 805.
51=14 5 10 1 325 101=1 23 2045

NLTR 9

RSEC 0.03 0.1 0.3 1. 3.5 10. 30. 150. 180.
PLOT 5. 300. 450. 805.

STOP

Option 2 The geometry description is simpler and the output is mophisticated if one usesso0K
activated inMAIN . The last lines ilMARS.INP can be re-written as:

NLNG 7

ZSEC 350. 425. 475. 490. 700. 705. 805.
101=1 2320405

NLTR 4

RSEC 10. 30. 150. 180.
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6 MCNP Mode

MCNP is a code package for precise simulation of low energy nastrdarRS uses portions of th&CcNpP
package by default when neutrons fall below#4V", however this default mode is not sufficient for certain
applications. In particular, when predicting residual@ogtes, and when predicting prompt dose rates in
labyrinth type geometries, the fulcNP package should be used to take advantage of it's detaile@lsiod
of the interactions of interest. Residual rates are seaditi the materials present, and prompt dose rates
are sensitive to the — ~ reactions which occur when slow neutrons are stopped artdregp themcNpP
code package excels at the simulation of both these effactanep code contains very detailed material
handling, taking into account the nuclear physics dethds dccur in interactions with different nuclei, and
this affects residual rate calculationsCNP also includes: —+ reactions when the neutron is finally stopped
and captured. These reactions affect the prompt dose atitms in labyrinth type geometries where slow
neutrons are dominant.

MARS can be used in conjunction with the fMlcNP code package: MRS generates the initial neutron
but sends it tavucNP for tracking and interactions. Once tracked to capture dt'dccutoff energy, the
accumulated information is handed back taRr& for compilation of tallies and results. In general, the
model geometry is specified using the usual collection ofdvtanes, andicNP handles the details of the
declared materials. The user givesNP the information it needs on materials WeCNP data entry cards
appended to th&ARS. | NP file after theSTOP card. However, if the user already hasanp geometry
description file, then the model geometry can be described) tisat syntax, which is also appended to the
end of the MARS.INP file. Both these modes of usimgNP are described below in Sectibnl.1.

Using MARS with the full MCNP code requires that the user obtain and installnizaiP code library.
The code is obtained from RSICC[86], the Radiation Safetyrimation Computational Center, at the Oak
Ridge National Laboratory, on the web at www-rsicc.orn¥,gar from the NEA Databank in Europke_87].
The code package includes the manual, which is not avaitafliee. Once the code library is installed,
the GNUmakef i | e distributed with MARS must be used to link to theicNp libraries and produce the
non-default MARS-MCNP executable. To run the executable, the user must set upepeiiotthemcNP data
library. See Sectiof 8.2 for installation and compile/tiiiin details.

6.1 Setting upMARS. | NP for use with MCNP

Switches must be set on theéNDX card in theMARS. | NP file to activate the calling of theicNP mod-
ules, even if the executable has been built against thevitilp libraries. MCNP data entry cards are then
appended to the end of thdARS. | NP file, after theSTOP card. Which switches and data cards are used
depends on which of the twaCNP sub-modes is being used.

The first sub-mode has all the geometry description handldd brs, with McNP handling the details
of neutron interactions; in this case orycNP material correspondence data cards are appended to the
MARS. | NP file. Details on the syntax aficNP material data cards is in Sectibn 6]1.1.

In the second sub-mode thvecNP geometry module is used to describe the arrangement of iadater
where detailed neutron interactions are performed. Soditiad to the material data cardgcNP geometry
data cards are also present. These data lines are definedtion8&1.2. In this second mode, the fullAds
physics modeling is still performed within the geometry adésed by themcNP geometry data lines, and
there can be portions of the model’s geometry defined by thal MARS zones, outside theCNP geometry
description, wher@cNP will continue to handle neutron interactions.

All of the McNP data cards are located after t&RS. | NP STOP card, and must be contained between
the MCNP data delimiter lines: the start cartiMCNP START and the stop cartt MCNP STOP. A MCNP
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data card, either the material or geometry type, is a fremdb input up to 80 characters on a single line;
a single data card can continue past a single line by usingahgnuation indicator & at the end of a line.

Data cards of a given type must be grouped together on seguerds, and not intermixed. Blank lines are
treated as delimiters between the groups of material anchgp card types.

6.1.1 Mode 1 -MCNP with Material description only

To trigger the calling of theacNP subroutines, thé NDX card in theMARS. | NP file must haves=T in it’s
list of switches.

Next one inserts theiCNP start and stop delimiter cards after tiARS. | NP STOP card. Between the
MCNP delimiter cards, th&cNP material data cards are inserted.

EachmcNP material data card is made up of an identifier, followed byspaf numbers, each pair
consisting of an integer and a real. The integer identifies@tiope, and the real represents the proportion
of that isotope within the material being described. Eaahlmer is separated by one or more spaces. There
can be as many number pairs as necessary, but a single linet@teed 80 characters. If the data requires
more than one line, then the line is terminated by a contionatharacter, which is the ampersand &; the
ampersand is included within the 80 character limit. The'satata continues directly on the following line,
with no blank line between.

The material data card syntax is —

m/M |so, Frac; Iso, Fracy ... Iso, Frac, [C,]
where
ml M is the material identifier. The prefix “m” is always present|dwed by an integer

1M, where this integer corresponds to the order materialdsiezllon theVATR
card in the MARS portion of theMARS. | NP file

| so, an integer, is the isotope identifier part of each number gaotopes inMCNP
are described in terms @ZAAA notation. The first two digits give the atomic
number while the last three ones give the atomic mass. THiE3&describes
uranium-238, 5010 describes boron-10. If all of the lastehttigits are zero, then
the natural mixture of isotopes for that element is assumed.

Frac, areal number, is the proportion of this isotope in the matéeing described. The
proportions can be given by either volume percentages, avdight fractions.
The first are positive values, the second are negative valllesf the proportions
for a given material must be one or the other, i.e. a singlenaidata card cannot
mix volume and weight fractions.

C. are optional parameters which select certain conditionghi® material, for ex-
ample “gas=1" would indicate the state of the material. SeescNP manual for
details.

So, for example, the line

mL 26000 0.8 6012 0.2
is themcNP material card describing the firstAks material by volume, with 80% of atoms being natural
iron (26000) and 20% of atoms being carbon-12 isotope. Thewimg line is for the same material, but
instead using weight fractions:

mL 26000 -0.95 6012 -0.05

The atom or weight fractions entered within a material caad be unnormalizedMcNP performs
re-normalization by default.
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In the MCNP mode, any material used by the geometry must have@wpr material card. TheiCNP
material data cards do not need to be listed in the same csdbeanaterials listed on tidATR card. The
indexI M must simply match between the two.

Vacuum regions are identified in ARS by either the material indek)M = 0, or by a VAC entry in the
MATR card. If the geometry contains vacuum in the region of irtiet@mcNP, then VAC should be listed
on theMATR card. The correspondingcNP material card must comply with the syntax, but the data v&lue
entered will be ignored, and at the preprocessing stager will be given vacuum for that material.

The following is the Z-sandwich Standard zone geometry @tarfrom Sectiorl 4311, and shown in
Figure[I#, withmcNpP material data cards added which correspond to the matelgalared on th&/ATR
card.

MARS15 Exanpl e: Z-sandwi ch geonetry with MCNP naterial cards
I NDX 2=T 5=T 6=T

NEVT 1000

ENRG 100. 0.05 0.05
IPIB 3 3

BEAM 5.0 5.0 0.1 0.1
SMN 0.2 5.

MATR * MATER. | NP’

C MVATR'FE "AIR ' CONC

NLNG 3

ZSEC 50. 150. 350. 1252=4 4 2501=2 1 3

NLTR 1

RSEC 100. 51=4

STOP

*MCNP START

nmlL 6000 -0.001 14000 -0.001 25055 -0.004 26000 -0.982 &

28000 -0.010 29000 -0.002 cond=1

n2 7014 0.78443 8016 0.21076 18000 4.671E-3 6000 1.39E-4 gas=1
n3 1001 -0.006 6000 -0.030 8016 -0.500 11023 -0.010 13027 -0.030 &
14000 -0.200 19000 -0.010 20000 -0.200 26000 -0.014

*MCNP END

The filexsdi r, which is installed with theacNP package, contains the library of material data. How-
ever it can contain several references to different evatlaticlear data sets for the same material. By de-
fault, MCNP reads in the first reference to the corresponding nuclearsgdtencountered in the fikesdi r .
Specific suffixes are used differentiate between the dasaaed these suffixes can be appended to the iso-
tope identifier as a means to select a particular data sdtdbmnaterial. For example, if one listed

mL 26000. 42c 1

then the specified “42¢” nuclear data set would be used feritbn material. See thecNP manual for
details.

6.1.2 Mode 2 -mcNP with both Material and Geometry description

Just as for the material data only mode, tidDX card in theMARS. | NP file must haves=T in it's list of
switches, but in addition the 16=T switch must also be sdtirfgeboth these switches triggers calls to both
the McNP material modeling and geometry description subroutines.

The MCNP geometry has simularities to Mks Extended Geometry, in that items are built from a col-
lection of geometric shapes. For those familiar witbNP, MARS15 supports all of theicNP geometry
capabilities except lattices and universes. The usualfsegalar surfaces is present: plane, sphere, cylin-
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der, cone, ellipsoid, hyperboloid, paraboloid, and eligitand circular torus. In addition, it is possible
also to use so-called macrobodies, which are composed aéthdar surfaces mentioned, just like a box
is composed of six different planes. The following macrabedre allowed at present: arbitrarily oriented
orthogonal box, rectangular parallelpiped, sphere, égicular cylinder, right hexagonal prism.

Using these shapes to define a geometry adds two more grougstaoto themcNP section of the
MARS. | NP file, where the first group is the material data cards destiitnéhe previous Section. The two
added groups are to define geometric zones, called celisivP, and to define the surfaces which bound
the zones. Each of the three groups of data cards is requiteel present usingilCNP material-geometry
mode; data cards of each group cannot be intermixed, butsiaioitheir own block of cards, with the card
groups separated by a blank line delimiter.

The surface data cards are a shorthand syntax of the eqydtiop, z) = 0, where equality to zero is
assumed and not written. Each of the cards contains a mnemamie of the surface and numerical entries
indicating the extent or location of the surface; consutMitNP manual, distributed with the code, for a
listing of surface names and their numerical descriptoh® Jurface data card syntax is —

I D, Shane Val; Val, ... Val,
where
I Ds an integer, is the surface ID number. Each surface has aaijaumber. Sur-

face data cards do not need to be listed in order by their |D tla@re can be gaps
in the ID number values for a given group of cards.

Snanme a short character string, which is a mnemonic name of thasgyfsuch aspz”
for an infinite plane orthogonal to thg-axis. Refer to theacNP manual for the
collection of names.

Val ,, a string of one or more numbers, integer or real, dependinth@isurface being
described. The values give information on the size andé&ation of the surface,
according to the equation used to describe the surface xBaorge, in the case of
a plane orthogonal to theaxis, the single valu&0. would be entered, as this is
the shorthand for the equatien— 10. = 0 which describes such a plane located
atz =10.

In general surfaces are defined in the Mars global coordisytem. If the surface cards are defined
in a local coordinate system, then a transformation matixvben the local and global systems must be
supplied by the user.

Zones are built from surfaces. Each surface has two sidegsiive side where points satisfy
f(x,y,2z) > 0, and a negative side where all points satigfy,y,z) < 0. To first order, a zone is con-
structed by stating which sides of a selection of definedased bound it. This is done by attaching-ar
— sign to the surface ID numbeiisD;, to indicate which of the sides, positive or negative, isgaes] to the
zone (thet is optional while the- is mandatory). In addition, the boolean operatib andOR are used
to describe how intersecting surfaces define the zone. Onmom blank spaces between any two surface
ID numbers implies th&ND operation applied to their spaces, to form an intersectfdheospaces. A colon
“” separating two surface ID numbers implies @R operation, to form a union of the spaces. Intersections
are performed first and then unions. Complicated structubere the hierarchy of the boolean operations
are nested, are allowed. The main restriction on these tigresds that the entire space of a zone must have
the same sign relative to each of its bounding surfaces;heratords, the zone cannot be partly positive
and partly negative relative to its bounding surfaces.

The zone data card syntax is —
ID., IMp IDs-string I MP
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where

| D, an integer, is the zone card ID number. Each zone has a unéqdd@2 number,
however this is not the assigned Mars zone numie card IDs do not need to
be listed in order, and there can be gaps in the ID numbers dorem group of
cards.

M the material index for the material contained within thi:igo This is the same
index from the order materials are listed on M&TR card, and the same integer
as used for th&tcNP material ID,ml M

1) the density of the material. A negative value implies thesuaieg/cm?, while a
positive value implies units of atom density in*tGitom/cn?.

| Ds- string astring of integers, which are the defined surface IDs, sépdiby spaces or by
“”, which define the zone boundaries according to the rutethe above para-
graph

| MP a string of characters which define the relative importancedrticles which enter
this zone — importance in terms of their contribution to tesutt. By default the
values of importance are set equal to unity. For a card desgra blackhole zone,
both the material number and importance must be zero, anchierial density
value must be omitted. See thienP manual for more details.

TheseMCNP zones are treated by MRs as Non-Standard zones. They are humbered brdMn the
order in which they appear in thecNP section of thavARS. | NP file. Non-Standard zones are numbered
starting fromN F'Z P + 1 whereN F'Z P is the number of Standard zones. Recall that there must bastt |
one Standard Zone defined in tBRS. | NP file, a container zone which surrounds all other defined zones
Also keep in mind that theicNP geometry cards can be used in conjunction with all other austhvhich
MARS uses to define zones. If the model contains encoded Non-&thzdnes in addition to thecNp
geometry zones, then the user must check for conflicts battieezone numbers assigned by the users code
and the zone numbers Aks assigns to th&CNP zones.

Also recall that MhRS must have the volumes of all defined zones in order to calewatious quan-
tities. For anymCNP zones having a cylindrical symmetmicNP itself calculates volumes, and hands this
information to Mars. Otherwise the user must provide theezarlumes. Volumes can be calculated “by
hand” or by running Mars in “volume MC mode” once all the zomes defined; see Sectibn 311.1. Once
theMCNP zones volumes are known, their values can be listed in theN/&4broutine with the other Non-
Standard zones (Sectibnlb.5), or they can be listedhzigP volume data cards, which are grouped with the
MCNP material data cards. The syntax is —

vol Vi Vo Va ... V,

where ‘vol " identifies this as aMmcNP volume card, and th&,, are the volume values for easttNP zone,
listed the order in which the zones are listed.

An example of a simpl@CcNP geometry description is given below.
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*MCNP START

10 1 -0.00129 1 -2 -3 inp:n,p=1
20 2 -7.87 1 -2 3 -4 inp:n,p=1
90 0 -1:2:4 inp:n,p=0

mL 7014 -0.7494 8016 -0.2369 18000 -0.0129 1001 -0. 0008
n2 26000 1

vol 7854 640.9

*MCNP END

The sample represents a segment of a beam-pipe filled witMaterial 1 is air and material 2 is iron.
The surface cards define four surfaces, two planes and tvirdeys. Both planes are orthogonal to the
z-axis, with the first plane at =0 and the second at=100. Both cylinders are aligned on theaxis and
are infinite in length, with the first having a radius of 5 and fecond a radius of 5.2. Zones 10 and 20 use
the surface IDs to define two cylindrical regions 16f-long, situated from 0 up 108n alongz-axis. In
radius the zones extend from O ta-& and from 5 to 5.2m. The two zones are filled with air and iron,
respectively. The third zone is defined to lie outside of thipcylinder, and containgackhole material;
this zone has been given an importance of zero. The volumig aones (in ci) have been entered on a
MCNP volume card, listed after thecNP material cards.

6.2 MCNP Installation

The mcNP code package, with corresponding libraries, can be oldaiream the RSICC center in the
USA [86] or NEA Databank in Europeé_[87]. The installation pedure for theucNP code is described
in the installation guide, included with the package. ™Mm@NP manual is also included. The user must
run theinstall procedure and follow the on-screen instructions carefiWile configuring and installing
MCNP, choose the following options:

Dynamic nmenory: Of with default ndas size
Ceonetry Plotter: Of

Tally Plotter: Of

64-Bit Data: O f

Mul ti processing: Of

After completion this procedure and successful runningbikiéi-in test problems, next step is library
compilation.

To build themcnNP libraries, usually only Fortran and C compilers are needddwever, for use in
conjunction with MARS, it is recommended to follow the procedure described bedm, in this case two
additional software packages are requireda\J nmake from the Free Software Foundatidn [101], and a
fsplit utility for splitting the fortran code into separate subinas. Some Linux distributions do not include
fsplit, therefore, a free utility source code from the BSD is ineltith the installation package as described
below. All these files can be downloaded from the securemeatithe MARS web pagel[102].
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Create a new directory and copy from theNP installation directory the following components:
e ntnpf.id

e prpr
e pat chf

Copy to the same directory the following files downloadedrfthe MaRS web page:

e GNUmakefil e

sour ce. patch

fsplit.c

| signal.c

CheckGNUmakef i | e for commands and compiler options appropriate for you systéthere is no a
fsplit utility on your system, create it by means of the followingreonand

cc -o fsplit fsplit.c

Now run theGNUmakef i | e and wait for several minutes until the procedure is complétpon its
successful completion, mcNP library called, for examplelibmcnp4Csun.aon a Sun system, will be
created. The library must be moved to the directory ..ricetl/mcnp4c/os/lib, where “0s” is sun, linux,
dec, aix, or irix depending on the OS of your computer, antlfooks like /lhome/mokhov for most MRS
installations.

6.2.1 Building and running MARS-MCNP

To create a MRS-MCNP executable, the user copies the distributedhR¥ user-subroutines and
GNUnmakef i | e to his local directory, as described in SectfonB.11. ThithesGNUmakef i | e which

is distributed with the MRS code, not the one used to build tleeNP libraries. One specifies the desired
non-default executable by entering it's name on the comnliaad

make rmars-mcnp-os

instead of simply using “make” which results in the standdiats executable.

The xsdir file or a link to it must be present in the directory where therusins the M\RS-MCNP
executable. This file is a set of neutron, photon, and elediata libraries which are included with the
MCNP distribution package. The user should copy the file frommiaaip installation area in the directory
...Irestricted/mcnp4c/data in theA®s installation area. Then, insert the following line at thp &j the file
xsdir file:

datapath=.../restricted/ ncnp4c/data

TheMCNP code creates three output files after the run. Rinstp. buf , is temporary file generated at
the initialization stage. It is re-written during each rinowever if problems occur a bug report is written
here. The second file igut p. It contains information on how thecnp code parsed it's lines from the
MARS. | NP file, and can be useful for checking the specified atomic anightgercentage of material
mixtures. The third filef unt pe, contains binary information required for a hot restart #ms file can be
safely deleted. All physics results are printed to the uMiak s output files, tabulated by zone number.
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7 FLUKA Geometry Mode

MARSL5 can read in an input geometry description in the#a format and perform full MRS modeling
in such a setup. An example of aA¥s model of the CMS collider detector based onlaJKA input is
shown in Fig[ZH.

=
e

8.£

—

et i O T

T L [T

-1.20e+03

-2.00e+03 -1.00e+03 0 1.00e+03 2.00e+03 -1.50e+03 -750 0 750 1.50e+03

t.. t..

Figure 24: Mars GUI illustration of the CMS detector, basedaoH UKA input geometry description:
overall view (left) and a central fragment (right).
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8 LAQGSM and DPMJET Modes

8.1 LAQGSM

The 2013 version of the Los Alamos Quark-Gluon String Modele; LAQGSM, was implemented into
MARSL15 for particle and heavy-ion projectileés [13]. Such preessasr —-capture angh-annihilation on nu-
clei are treated down to essentially zero enrgy. Detailbisf@avent generators can be found elsewhere. This
implementation provides the capability of full theoretigaconsistent modeling of exclusive distributions
of secondary particles, spallation, fission and fragmantadroducts.

8.2 DPMJET
8.3 Event Generator Output

Section 5P explained the use of thaRrs stand-alone event generator. Here the output producedaly th
running mode is described in more detail. The output fileslpeced arerMA. OUT, TDNDX. OUT,

The TMA file always contains a table with the headiAgERAGE MULTI PLI CI TY AND ENERGY,
with columns labeled by produced particle type, and severes. The rows are defined as

BLACK | haven'ta clue
CGREY likewise
SHOWER enter appropriate descriptions here
FORW CS>0

x>0, BT>0. 2

X<0, BTO. 2

TOTAL

E( X>0, BT>0. 2)

E( X<0, BT>0. 2)

ETOT

SUBCUT NO.

SUBCUT E

ELAE, EBI ND

YI ELD(pi + ..)

YI ELD(pi - ..)

SUM

EG EXGAM EXWGA

If the user set DNDX=2 in routine MARS1514, then thelMA file also contains a series of seven tables.
Each of the seven tables is labeledbyl, J=2, etc., where the value of the index identifies the produced
particle type; these are the same seven listed at the tog afutput file. Each table has the structure

DEGR=0.0 5.00 10.00 15.00 20.00 30.00 60.00 90.00 135.00 180 .00
EE(GEV) D2N/DEDO gDN/DE

5.000 7.49E-02  8.06E-02  9.04E-02 8.61E-02 1.77E-01  4.30E-01  3.31E-01  2.03E-01  9.10E-02  3.13E-01
10. 000 3.64E-02  2.47E-02  4.10E-03  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 0. 00E+00  1.30E- 02

The tables hold the production cross sectidtV/d EdS2 for the given particle type, as used by the generator,
with the columns being bins in degrees, and the rows beirgibienergy. The last columnd&V/dE. The
number of rows which appears is determined by the valldEMBI N set in routinevAarRs1514. If instead
the user set DNDX=3 in routineMARS1514, then thd MA file contains a different series of seven tables,
where the columns aBd® N/d3 P in bins of P, and the rows are bins iX ;. The last column igN/dX
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9 MAD-MARS Beam Line Builder

The mAD [103] lattice description language has become lthgua francaof computational accelerator
physics. Any new developments in accelerator physics ctettipnal codes and libraries should have the re-
quirements to read and understand lattice descriptiorttewin MAD . The ideas and modules of Réf. [104]
are used in a new interface, which is able to read, parse,tarelis memoryAD lattice descriptions, with
the ability to generate an output file which translates thaeseriptions for input tmARS, and can also be
used as input to other tracking andD applications.

The interface system-MAD-MARS Beam Line Builder(MMBLB )—reads avAD lattice file and puts
the elements in the same order iMaRS geometry. Each element is assigned six functions whichigeov
information about the element type/name, geometry, naserield, volume and initialization. The user
specifies the element type and an optional element name.néme is specified, the element is considered
to be a generic one. A building algorithm first tries to matoh tiype/name pair and then substitute a generic
element if needed. Once an element is described, it is eegbtvith the system and its name is binded with
the respective geometry, materials, volume and field datsmns. For each region search during tracking,
MMBLB finds the corresponding type/name pair and calls its apjaepfunctions. MMBLB calculates a
local rotation matrixk; and a local translation vectdl;. Then a global rotation matrix1; and a position
P; are calculated and stored for each element

Mi=M;_1 xRi, Mo=U
PZ‘ = Mi—l X ﬁz + Pi_l
wherel{ is the unit matrix.R; = U for all elements, excetBEND andSBEND.

The newest version eiMBLB was substantially enhanced and is well described in thedSSeide [16].
The set of supported element types includes now almosteakligments supported by MAD. An arbitrary
number of beam lines — arbitrary positioned and orientedn-beaput in amARS15 model. More sophis-
ticated algorithms and new data structures enable moréeeffisearches through the beam line geometry.
Tunnel geometry can now follow the beam line or be describddpendently of it.

For more details and use mivBLB the user must read Ref. 16].
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10 Histogram Input and Output Files

In many cases it is worthwhile to initialize theBook package to use the output fileARS.HBOOK for
interactive analysis with the MARS-GUI aaw systems. All the powerful features of MARS-GUI are
described in Sectiopn 2, while those mfw are described i [105]. Both can be used for comprehensive
physics analysis of the run session.

Histograms can be requested by the appropriate candariis. i np andxyzhi s. i np. At least one
of the non-zero cardsNOBL, NSUR or NHBK must be presented inmar s. i np for that. Then there
will be an output filejrar s. hbook. The MARS code is linked to the CERN library and uses titsook
package[[106] to produce thear s. hbook file. There are several methods to use which each generate
different histogram sets. Some histogram sets are “lilt-nARS defines and fills the set of histograms
and the user cannot change the bin specifications or contetysspecify the geometric area the histograms
cover. Other sets of histograms or ntuples are completaiguthe users control, and require the use of
certain user-subroutines. All histogram sets, howeverbgrdefault written to the sammaar s. hbook file.
All these histogram sets are described further below.

By defaultMARS sorts histograms by following classes:

¢ histogram type (vertex, fluence, energy deposition andggrsyectrum);
e particle class (hadron, electromagnetic and muon);

e charge (neutrals, charged and total).

The main program allocates the dynamic memorydBooK and gives control to the whole system. His-
togram set up and entry routines can be re-defined by the aserding to his/her specific needs.

10.1 Built-in Volume Histograms

These histograms are filled for the whole system or folNGB special regions defined in thears.INP file,

and initialized by presence of non-ze¥oBL andRZOB cards there. Residual dose histogram is normalized
to AINT(p/s) and is scored for the irradiatiol RHand coolingTl CHtimes (days) defined on thé€ll R
card (default is 30 and 1 days, respectively). The histodistnn the file MARS.HBOOK with their IDs and
functional contents is obtained with tlrew commandhi /1 i st. The list is self-explainatory. Default
histogram IDs are shown in Talilel10.

ALL HISTOGRAMS DIVIDED BY VOLUME, SURFACE AREA, OR/AND DELTA-E.
HISTOGRAM TYPE:
IHTYP =1 - VERTEX, (STAR/CM3) kID <100
IHTYP =2 - FLUENCE AT STEP, (1/CM2) 1041D <200
IHTYP = 3 - ENERGY DEPOSITION, (GEV/G) 2041D <300
IHTYP =4 - ENERGY SPECTRUM, (1/CM2/DEL) 364D <400
IHTYP =5 - SURFACE ENERGY SPECTRA, (1/CM2/DEL) 41D <500
IHTYP = 6 - SURFACE TIME SPECTRA, (1) 564/D <600
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Table 10: Default histogram 1D NOB=1.

Particle Vertex Fluence Energy Dep. Spectrum
n 1 101 301

h* 2 102 302 (w/p)
P 203 303

Total stars 3

v 104 304

et 105 305

Total EM 6 106 206

utfromEMS 307

pwttotal 8 108 208 308

Total ED 210 (GeV/g)

Total ED 211 (GeVicr)

PARTICLE INTERACTION CLASS:
ICL =1 - HADRON

ICL = 2 - ELECTROMAGNETIC

ICL =3 - MUON

CHARGE CONTROL:

NSG = 0 - NEUTRONS, PHOTONS

NSG = 1 - CHARGED PARTICLES

NSG =2 - TOTAL

VOLUMETRIC:

HISTOGRAM ID = NU1+NSG+3*(ICL-1)+100*(IHTYP-1)+1000*(IRE-1)

10.2 Built-in Surface Histograms

These histograms are filled for the plane and cylindricalaser detectors for thBISURF surfaces defined
in the MARS.INP file, and initialized by presence of non-zédSUR andRZTS cards there. There is also a
possibility to write down parameters of particles crosgimgse surfaces into the files defined on 28'S
cards, with formats and various filters of tYA®TSUR routine.

SURFACE:
HISTOGRAM ID = NU1+NSG+3*(ICL-1)+100*(IHTYP-1)+1000*(ISUR-1)
NU1=1 (DEFAULT)

PARTICLE SPECTRA HISTOGRAMMING IN 80 BINS: 75 LOG + 5 LIN
NEUTRONS: 28 (1.E-11 - 0.0145) + 52 (0.0145 - E0) GEV

OTHERS: 80 (5.E-4 - E0) GEV

NHSPE=0 - dN/dE, DIVIDED BY DEL=DELTA(E) IN (L/CM2/GEV)
E*dN/dE, DIVIDED BY DEL=DELTA(LOG10(E))

FOR NEUTRONS IF IND(14)=T IN (1/CM2)
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NHSPE=1 - E*XdN/dE, DIVIDED BY DEL=DELTA(LOG10(E))

FOR ALL PARTICLES IN (1/CM2)

SURFACE CROSSING ESTIMATOR (IHTYP=5, 6):

SURFACE TIME SPECTRAIN (TMIN-TMAX) INTERVAL (sec)
HISTOGRAMS GENERATED ARE UNIFORM IN 80 BINS (in nsec!)

Table 11: Example of surfaces MARS. | NP.

NSUR 11

RZTS 6.15 6.15 -200. 200.
200. 200. -450. 450.0.
250. 250. -450. 450.0.
6.15 60. 450. 450.0.
60. 200. 450. 450. 81.
60. 60. -200. 200.0.
230. 230. -450. 450.0.
300. 300. -450. 450.0.
400. 400. -450. 450.0.
450. 450. -450. 450.0.
470. 470. -450. 450.0.

10.3 Other Built-in Histograms
There are two additional groups of the built-in histograms:

¢ Histograms filled for the “global” energy deposition dibtrtions initialized by théN\HBK and HBKE
cards for the entire system or for up to 5 materials specifietheNHBK card.

¢ Ntuple number 16 contains the normalization factors use@dich histogram, unity okl NT which
can be re-defined on-line in a GUI session.

10.4 XYZ-Boxes or Arbitrary Mesh Tallies

Flexible histograming — calledYZ — is implemented in boxes arbitrary positioned in a 3D-sysirod-
eled. This histograming is totally independent of geomdagcription, both type (standard, non-standard,
extended and MCNP-type) and details, including materiegidution. By default, the macro box (detec-
tor) axes are parallel to those of the mother volume, and eantated using/ARS2BM. and BML2MARS
routines.

The histograms can overlap, contrary to the volurR& ) and surface histograming. Arbitrary voxels
(the smallest distinguishable box-shaped part of a thmeeitsional space) can be defined by individual
binning NX, NY, NZ in each macro box. Arbitrary cut-off energies can be defirmdefich flux-type
histogram. Histogrand D reserved:701 < ID < 1000. These histograms are normalized4dNT'(p/s),
contrary to all previous histograms and most valueBIRS. OUT and MTUPLE which are normalized to
one incident particle. Residual dose histogrBRFE is scored for the irradiatiofil RHand coolingTl CH
times (days) defined on th€Tl R card (default is 30 and 1 days, respectively). Up to 39 diffiehistogram
types can be defined in a run as described in Tallle 12. Firgtp@3 are two-dimensional and can be filled
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for particle energies above certain cuto#sg, FLN > 0.03, DET > 0.001, DRE > 0.02, etc. This
cutoff technique is not applicable to the gas productiotogiems,HY D, HEL andT RI. Defaults are
0.03 GeV for star density and energy transport cutoff eesrdefind on thENRGcard. Last 6 types are one-
dimensional energy spectrélote that the D P A-type histograms are calculated only ifl ND( 17) =T.
DET through DFEEFE histograms (prompt dose) are calculated in the course of Mar Carlo from
energy-dependent fluxes and flux-to-dose conversion coeféints; they can have non-zero values in
vacuum assuming that a tissue-equivalent phantom - used fadefinition of flux-to-dose conversion
coefficients - is placed there. Contrary, the absorbed dosB AB and power density type histograms
PDT through PDE are calculated in the course of Monte Carlo directly from enegy deposited on a
step in a non-vacuum region.
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Table 12: Histogram types IXN'Y Z-histograming

. DLT is currently not activated.

Codename Value Units

STA star density cm3s!

DRE residual dose on contact mSv/hr

FLT total flux of hadrons cm?s!

FLP flux of protons cm 257!

FLN flux of neutrons cm2s7!

FLK flux of charged pions/kaons cm2s7!

FLM flux of muons cm 257!

FLG flux of photons cm2s7!

FLE flux of e- and e+ cm2s7!

DAB absorbed dose Gylyr at 2<107 s/yr
DPA DPA total DPA/yr at 2<107 sfyr
DPH* DPA by NIEL hadrons and muong DPA/yr at 2<107 s/yr
DPN DPA by neutrons at E14 MeV DPA/yr at 2<107 s/yr
DPE DPA by electrons and photons | DPA/yr at 2<107 s/yr
HYD Hydrogen gas capture cm3s!

HEL Helium gas capture cm3s7!

TRI Tritium gas capture cm3s!

DET prompt dose equivalent, total mSv/hr

DEP prompt dose equivalent, protons | mSv/hr

DEN prompt dose equivalent, neutrons mSv/hr

DEK prompt dose equivalent, ch. pion/KmSv/hr

DEM prompt dose equivalent, muons | mSv/hr

DEG prompt dose equivalent, photon | mSv/hr

DEE prompt dose equivalent, e- and e+ mSv/hr

PDT power density, total mW/g or Gy/s

PDP power density, protons mW/g or Gy/s

PDN power density, neutrons mW/g or Gy/s

PDK power density, ch. pion/kaons mW/g or Gy/s

PDM power density, muons mW/g or Gy/s

PDG power density, photons mW/g or Gy/s

PDE power density, e- and e+ mW/g or Gy/s
DLT* instantaneous temperature rise | degC per AINT (ppp)
SPN neutron energy spectrum GevV'cm?2s!
SPP proton energy spectrum GevV'lcm2s!
SPK pion/kaon energy spectrum GevV'lcm2s!
SPM muon energy spectrum GevV'lcm2s!
SPG photon energy spectrum GevV'lcm2s!
SPE e+e- energy spectrum GevV'lcm2s!
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Note: DPH and DLT histograms are currently disabled. In amy the total number of histograms can
not exceed 300, i.e. a sum over all histogram types in all mboxes (detectors) must be less than 300.
Maximum number of voxels in any macro box (bins in each histoy) can not exceed 10To save CPU-
time, keep the number of macro boxes (detectors), histotypes and voxels (bins) as small as possible!

Histograms are defined in an input f¥&ZHI S. | NP, where the following conventions are used:

1. The first line is a textual problem description.

2. The last line STOP or st op, terminates theXYZHI S. | NP data card list, i.e. everything after this
line is ignored.

3. Blank lines can be inserted between data cards, for filenizgtional purposes.
4. Comments are allowed at the line end starting from an mxai@n sign.

5. The data is unformatted and separated either by blanle spdny one of the following delimiters “, ;
D&

6. A macro box (detector) is defined byXa” Z-card of the following format:
XYZX1X2Y1Y2Z1Z2NX NY NZTEXT,

whereXY Z or xyz is a card ID;

X1,X2,Y1,Y2, 71, Z2 are the minimum and maximum Cartesian coordinates defihidpdx;
NX,NY, NZ are the number of bins along each axis;

TEXT is a word describing the box (optional).

7. Macro box (detector) categories are

nxyztp =1— > X —Y inaAzslice @ = v,y = h), defined byNZ = 1
nxyztp = 2— > X — ZinaAy slice ¢ = v,z = h), defined byNY =1
nxyztp =3— >Y — ZinaAx slice (y = v,z = h), defined byN X =1
nxyztp = 4— > Energy spectra in the macro box, definedX = NY = NZ =1

8. A card following aX'Y Z-card contains a list of histogram types for this macro bow. @mbination
of the above 38 types. An arbitrary cut-off energy can be ddfifor each 2-D histogram (except
HY D, HEL andTRI as mentioned above) using the following synfak N > 0.03, which means
that neutron flux in this particular histogram is scored &@¥3 GeV, not above the default threshold
or that defined in th&ARS. | NP file.

A list of histograms to be filled in the run is generated at tbmpletion of the initialization stage and
shows up in arXYZHI S. TAB file which contains all attributes for each histogram. Herthe file created
with the aboveXYZHI S. | NP.

Here is an example of 8YZHI S. | NP file:
XYZ histo test 01- May-2007

xyz -20. 20. -0.4 0.4 0. 50. 40 1 50 XZ-scan_at_|y|<0.4
STA DRE FLT>0. 02 DET DEN>0.1 DAB PDT

xyz -0.4 0.4 -10. 10. 0. 50. 1 20 50 YzZ-scan_at_| x| <0.4_fl uxes
STA FLT>0. 02 DET DEG>0. 05 DAB>0.02 FLP FLE DPA
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xyz -5. 5. -2. 8. 12. 13. 10 5 1 XY-scan_in_a_z=12-13 cmslice
FLT DPA

xyz -5. 5. -5. 5. 12, 13. 10 51 ! Mion flux profile at shower max
FLM

xyz 0. 5. 2. 7. 10. 15. 1 1 1 Spectrum1_in_a 5x5x5_cm cube
SPP SPN SPK SPM SPG SPE

Ixyz -5. 5. -5. 5.. 10. 20. 1 1 1! Mion-spectrum
1 SPM

st op

10.5 User-Defined Histograms and Ntuples

Arbitrary one- and two-dimensional histograms and ntupkas additionally be booked in a user routine
IMHSETU and filled inFI LL.
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11 Output of the Simulation

MARS produces many output files. The main output fN®RS. OUT, is always produced, and contains
startup initialization information in addition to result®ther output files are produced only when certain
zone types are set up, or when certain histogram optionsegrested, or when certain flags are set in the
MARS. | NP file. This section covers all these different output optjdmsw to request them, modify them
where possible, and what the contents are.

MARS. OUT and several other output files are “flat” text files which caropened and examined with
any text editor. They contain tables of data which are tylyichut with some exceptions, arranged by the
MARS zone numbers. These are described further below in Sécfidh 1

There are a few other specialized output files, such as thersergted by use of tHEAPE card in the
MARS. | NP file, discussed in Sectidn_11.2. While these are text fileckhan be opened and examined,
they are not intended to be used in this way, but instead as filgs for other programs or for multi-stage
running of MARsS. For example, th@RACK. PLOT file is used in conjunction with the GUI visualization
tool, to examine samples of generated events. If the usdiewi® extract particle data for his own special-
ized purpose, then certain user subroutines can be useddtea custom output file — see Secfibn 5 for
more information.

All the filenames used here are theaRIs default names. These file names can be changed in the main
calling routinemar smai n. f ; see Sectiof Bl 1.

11.1 Data Table Output Files

The filesVOLMC. NON, MARS. OUT, MTUPLE, MTUPLE. NON, MTUPLE. EXG, and MTUPLE. MCNP are
described in this Section. These files report results fdewifit zone types. ThBARS. OUT file, Sec-
tion [LI.T.2, lists all the tables of results for StandardemonlIf the user requests “expanded output” by
setting theMARS. | NP card | NDX with flag 1=T, then theMI'UPLE file is also produced (no suffix on
this default filename). ThRTUPLE file, SectioI1.1]3, contains results for Standard zond<aplicates
some of the information in thRIARS. QUT file, but the results are arranged in a single large tablerdttan
several separate ones. When non-Standard zones are pthesinesults are printed to thdl UPLE. NON
output file, Sectiof IT.714; these include zones from ingubgeometry files. If Extended Geometry zones
are used, their output appears in MfEUPLE. EXGfile, Sectiol_IT.TI5. If using the MRS-MCNP mode
andalso usinguCNP geometry cards to create some of the geometric zones, teeagstlts for these zones
is reported in theMTUPLE. MCNP file, Sectior_11.T16.

Keep in mind that if the users model description uses mone time type of zone (Standard and non-
Standard, Standard and Extended, or any other combindtien)the results will be spread around among
the different files. If the results in an “area of interest® aplit between files because of the use of different
zone types, then the user may wish to rethink his model's gégyndescription in order to more efficiently
organize the results.

The format of data tables in these files is defined within neerwwode, and cannot be changed by the
user. The tabular format of these files is intended to makasy € look up the results for certain key zones
of interest. The rows and columns can also be cut-and-pagtedther software plotting packages such as,
GNUPLOT, XMGR, KALEIDAGRAPH andEXCEL. Copied data can also be read imaw, although in most
cases ifPAw is being used it is simpler to use the histogram options tatersuch a file directly.

Each of the output files has it's own sub-Section, with eabletaf data defined.
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11.1.1 TheVOLMC. NONFile

TheVOLMC. NONfile is a “pre-run” output file. The file is created only whemNRis is run in “volume MC”
mode; see Sectidn4.2.2 for the switch settings to use thdem®he file lists Zones, by their MRS zone
number, and gives the volume for each of these zones as reddsuthe program. These volume values are
cut and pasted into the user subroufifféAN; see Sectiofbl5 for a more detailed discussion of the psoces
The contents of ¥ OLMC. NONfile for a simple beam dump geometry is given here — In this ganthere

is a single “container” Standard zone, in which all the oth@n-Standard zones are embedded,; this is zone
#1. The Standard zone’s volume is calculated along with ther@ones, and the message explains that the
container’s actual volume is likely not to be that of a simpyénder, due to the presence of the embedded
zones. Following the text message are the volumes for theSteimdard zones, stated\éSLUME( nnn)

= 0. rrr E+nn. The text after the ! gives the error on the volume calcuhgttbe assigned non-Standard
or Extended Geometry zone number, and the zone name. Tie staiement can be pasted directly into
the VFAN user subroutine.

11.1.2 TheMARS. OUT File

The MARS. QUT file is always produced, even whenads is run in GUI mode or in “volume MC” mode
where, in both cases, no particle interaction simulatioegparformed. This is because tWBRS. OUT file
records startup and initialization information in addititn the simulation results for Standard zones.

Initialization Information

At startup, Mars echos many of the settings in the MARS.INtblthe MARS.OUT file. The user should
always take a look at these to check that the program settiags as expected.

The first few lines — give the Mars code version, the date ané the program was started, and the
users title exactly as taken from the first line of the MAR®Ife.

Next the settings of the cards from the MARS.INP file are edheéth the first few lines as follows
— There is an entry for each card, even those which have béeat tbeir default value and are not listed
by the user in the MARS.INP file. The materials declared inNFeRS.INP file are not merely echoed but
appear along with the energy thresholds and tracking stgs shat will be applied to each material, and
additional information such as the radiation length. Thabgl thresholds and step sizes appear at the start
of the materials list, labeled as the material “global vaoali— At the end of the materials data list is a
table listing each element used by the model. Following &nattables of calculated material dependent
guantities : After the materials, the echoing of the MARSRIbards continues, and concludes.

Additional tables of calculated material-dependent patens can be requested by setting the value of
| PRI NMon theNEVT card= 1. Tables of hadron and photon nuclear cross-sections add pfx are
printed out for each material and as a function of energy.

Output Tables

The first output table in the MARS.OUT file is a mapping of the®é Standard zone numbers to thejrz
and (if used)p locations. Nearly all subsequent data tables list resylthéir Standard zone number. So,
for example, the following lines in a MARS.INP file set up a sEGtandard zones: This iszasandwich
geometry( | NDX( 2) =T) so the material content of the zones is defined orZiBEC card. The resulting
map table in the MARS.OUT file is: The integer number is then8ad zone number, and the number in
parentheses is the index for the material in that zone. Famele, for 25.0< z < 35.0 and 10.0< r <
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20.0, the Standard zone number is 14 and it contains matenaber 2. Notice that theandz boundaries

listed in the map table are not evenly distributed, but gpoad to the boundaries of the declared Standard
zones.

The tables which report results by Standard zone numberlat@daout in a similar manner. The
table has ten columns, with the columns numbered 1:10; tlve ewe labeled 10, 20, 30, etc. The data
being reported in the table is listed in order by zone, labaleo “Region Number”, starting at the first row
through 10 columns, then to the second row, third, and soasfmany rows are required. So, for example,
imagine if the model was a target, simplified to a group of 8sad zone cylinders. One wishes to know the
location which will have the largest energy deposition. Gthe table which lists total energy deposition by
zone, and look for the largest value; identify, based on ¢tlmeand column, which Standard zone number
the value is in. Then return to the Standard zone map tablettydine the: andz value which that zone
number corresponds to.

Many results have a statistical error reported with theneag# read Sectidn_B.8 for a brief discussion
on how one should use these errors as a guide to the quality oésults. All results are normalized to one
incident particle (i.e. to one event), except for tempertise and residual dose, which are normalized to
the total incidents as declared by the valué@bNT on theVARS card.

The following paragraphs itemize each data table in therardehich they appear in th®ARS. OUT
file. The table label is highlighted, and the values it cargare defined. Not all the listed tables may be
present. Ifl NDX 1=T more tables will be present than otherwise. If “special agjihistograms were

requested, using thieOBL card, then additional tables of results will be present lier declared “special
regions”.

LONG TUDI NALLY | NTEGRATED (ZM N- ZMAX) VALUES

This table is not arranged by zone number, but, as the tifdies, has combined the results along
the z-axis. Each column holds the summed results forzaMithin the » values given at the tops
of the columns. Each type of integrated result is listed farser on each row. The first row,
SCHAR, is the charged star densit$TOT is the total star densityELTOT is the total hadron flux;
ELENIis energy deposited by low energy neutrons, those belowatieh energy threshold as given
by EMon theENRG card; ELCH is energy deposited by low-energy charged hadrons fronmeaucl
de-excitation processe&EMS is energy deposited by electro-magnetic showERBEX is energy
deposited through ionization losses from charged hadradsnauons;ETOT is the total energy
deposition combined from all these sources in the giveanges.

DI RECT ENERGY DEPGCSI TI ON, GEV

This table is not arranged by zone number, but has combiredeults across bins. Each row
lists various energy deposition results foralbetween the: values given in the first two columns.
The third columnLEN, is energy deposited by low energy neutrons, those beloWwateon energy
threshold as given b#Mon the ENRG card; the next column,.CH, is energy deposited by low-
energy charged hadrons, also below enétiylyfrom nuclear de-excitation processed/s is energy
deposited by electro-magnetic showddEX is the energy deposited through ionization losses from
all charged hadrons and muons. TH@TAL | N SLAB adds all the contributions for thatrow.
TOTAL | N BLOCK sums each row with the one before, making a cumulative sum. A last row,
below the table, gives the sums, for allof the values in each column.

TOTAL DOSE EQUI VALENT (1 CRP103->MAXIMUM OR 1-CM), nSv PER 1 I NC. PAR-
TI CLE

This is the first of many tables arranged by Standard zone ayroalled “Region Number” in the
file. The table presents the prompt dose equivalent baseldedfCRP103 flux-to-dose conversion

125



coefficients for energy- and particle-dependent fluxes éngiven region (of an arbitrary material,
even vacuum) to the maximum dose in a tissue-equivalent ifTéE¢rial as it were positioned in this
very location (as defined in ICRP103). Each row contains talaas, the result for that zone, and
the statistical error on that result.

STAR DENSI TY, NO./Cwv*3 P.P.

The table presents, arranged by zone number, the staryengiin each zone. Each row holds
three values: the star density due to the charged hadroinsaffly protons,ms andK’s), the total
star density, and the statistical error on the total stasitlenThe standard definition of a star is a
hadron with kinetic energy greater than 0.@G38V’; in MARS this is the default value for the star
production thresholdEPSTAMIin the ENRG card. If this threshold is changed, then the results
reported in this table will likewise change, and will no lemngorrespond to the standard definition
of a star.

DPA, DI SPLACEMENTS PER ATOM P. P

The table presents, arranged by zone number, the nuclgdaachisnents per atom within each zone,
which can be used to assist in estimates of radiation danmatieetmaterial located in this zone.
Elastic and inelastic nuclear interactions as well as ela@gnetic interactions contribute to DPA
in this version of the code.

HYDROGEN GAS PRCDUCTI ON (1/cnm*3) P.P

The table presents, arranged by zone number, the densitydodden gas production within each
zone, which can be used to assist in estimates of radiatiorage to the material located in this
zone.

HELI UM GAS PRODUCTION (1/cnf*3) P.P

The table presents, arranged by zone number, the densigfiofrhgas production within each zone,
which can be used to assist in estimates of radiation daneethe material located in this zone.

TRI TI UM GAS PRODUCTION (1/cm*3) P.P

The table presents, arranged by zone number, the densitiiwohtgas production within each zone,
which can be used in a corresponding radiation safety asalys

TRACK- LENGTH HADRON FLUENCE | N HI GH ENERGY SECTOR 1/ CM*2

The table presents, arranged by zone number, the total indllro in each zone, as calculated

from the total track-lengths of these particles passingufh this zone. The hadrons used for the
tabulation have a kinetic energy greater than the valuehyfthe hadron threshold energy, in the
ENRG card; the default threshold value is 0.014BV . The statistical errors are also given.

CHARGED HADRON FLUENCE AT E>ETH, HADRONS/ CWv2

The table presents, arranged by zone number, the totaltnfidran each zone, for charged hadrons
with a kinetic energy greater than the value of the thresE®EHR set in theENRG card, default
value 0.00027eV; ORwith a kinetic energy greater th&Mif EMhas been set to greater than it's
0.0145GeV default value. The statistical errors are also given.

NON- NEUTRON NEUTRAL HADRON FLUENCE AT E>ETH, HADRONS/ CWv2

The table presents, arranged by zone number, the neutrartialx, but not including neutrons, in
each zone, for those particles with a kinetic energy grehger the value of the thresholeMset in
the ENRG card; the default threshold value is 0.014BV . The statistical errors are also given.
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HEAVY | ON FLUENCE AT E>ETH, HADRONS/ C\WR

The table presents, arranged by zone number, the flux of lieasyin each zone, for ions with a
kinetic energy greater than the value of the thresi&CHR set in theENRG card, default value
0.0002GeV; OR with a kinetic energy greater thaBMif EM has been set to greater than it's
0.0145GeV default value. The statistical errors are also given.

ELECTRON FLUENCE AT E>ETE, ELECTRONS/ CM2

The table presents, arranged by zone number, the flux of@tscand positrons in each zone, for
those particles with a kinetic energy greater than the vafuke thresholdEM EL set in theENRG
card, default value 0.000Z¢V; OR with a kinetic energy greater th&Mif EMhas been set to
greater than it's 0.014&'cV default value. The statistical errors are also given.

GAMVA FLUENCE AT E>ETG GAMVAS/ C\wvR

The table presents, arranged by zone number, the flux of garm&ach zone, for those particles
with a kinetic energy greater than the value of the thresEhHGA set in theENRG card, default
value 0.00027¢V; ORwith a kinetic energy greater th&Mif EMhas been set to greater than it's
0.0145GeV default value. The statistical errors are also given.

MUON FLUENCE AT E>ETM MJONS/ Cv2

The table presents, arranged by zone number, the flux of ninogsch zone, for those particles
with a kinetic energy greater than the value of the thresE®EHR set in theENRG card, default
value 0.00027eV; ORwith a kinetic energy greater th&aMif EMhas been set to greater than it's
0.0145GeV default value. The statistical errors are also given.

TOTAL STAR NUMBER
Not a table of values, but a single value summed over all Sitahzbnes.

======= LATERAL | NTEGRATED =======

A table of several values, all of which are summed acrosstathdrd zone: values for the given
z range. The first two columns give the lower and uppéoundaries for each range. The third
column,S/ CM is the integrated stars. Note the units - stans® for each zone in the range have
been integrated over, so that the units are now stgesn. The fourth columnFTOT, is the total
hadron flux, which includes neutrons above the threskbiddefault value 0.0148-¢V; here the
flux values from each zone have been summed, so the unii;écar% The fifth column,F1, is
charged hadron flux for hadrons with energy greater than0Q.0:V. The sixth columnF2, is
charged hadron flux for hadrons with energy greater than@d2. The seventh columr3, is the
e flux for e* with energy greater than 0.0004:V. The eighth columnE4, is thee™ flux for e*
with energy greater than 0.@2¢V. The ninth columnF5, is the muon flux for muons with energy
greater than 0.0001QeV. The tenth columnE6, is the muon flux for muons with energy greater
than 0.02GeV .

ENERGY DEPGCSI TI ON DUE TO L. E. NEUTRONS, GEV/ G P. P.

The table presents, arranged by Standard zone number, éhgyeateposited in each zone by low
energy neutrons, those below tBklvalue set in th&ENRG card; the default threshold is 14.5 MeV.
The units are GeV pegy per primary. Statistical errors are not given.

ENERGY DEPCSI TI ON DUE TO L. E. CHARGED, GEV/I G P. P.
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The table presents, arranged by Standard zone number, éhgyeateposited in each zone by low
energy charged hadrons, those below Hhévalue set in theENRG card; the default threshold is
14.5 MeV. The units are GeV perper primary. Statistical errors are not given.

ENERGY DEPCSI TI ON DUE TO EMS, CGEV/ G P. P.

The table presents, arranged by Standard zone number,gtgyateposited in each zone by electro-
magnetic showers; this includes theproduced by:?, which decay immediately at their production
point. The units are GeV perper primary. Statistical errors are not given.

ENERGY DEPGCSI TI ON DUE TO CH. HADRONS AND MUONS, GEV/ G P. P.

The table presents, arranged by Standard zone number digyeteposited in each zone by charged
hadrons and muons with energy above EMvalue set in th€ENRG card; the default threshold is
14.5 MeV. The units are GeV pegrper primary. Statistical errors are not given.

DI RECT ENERGY DEPOSI TI ON, CGEV/ G P. P.

The table presents, arranged by Standard zone number téhemnergy deposited in each zone by
all contributing particles. The units are GeV pgper primary. Statistical errors are given.

DOSE EQUI VALENT (nSv per 1 inc. particle)

The table only has meaning if the standard zones listed e itreade of a tissue-equivalent (TE) ma-
terial. It represents the prompt dose equivalent calcdliditectly in the course of Monte-Carlo from
energy deposited in the TE regions multiplied by a corredpmnquality factor. The values of this
Table can be similar to those in the TaBl@TAL DOSE EQUI VALENT (1 CRP103- >MAXI MUM
OR 1- CM onlyinthe TE material regions and are certainly differettieowise (the table is mean-
ingless in the latter case). The units are mSv per primarystisliistical errors are given.

TEMPERATURE RI SE (K) AT TO= 3. 000E+02 PER 1. 000E+12 PPP

The table presents, arranged by Standard zone numbersthat@meous temperature rise the material
in this zone would experience, in Kelvin, due to the impadvedm. It is assumed that the material
is initially at standard room temperature, but this can tenged by setting thEEMPOvalue in the
VARS card. The temperature rise is calculated on a per pulse, lpafisr than per primary, where a
pulse contains by defaul)!2 primaries; this pulse-size value can be changed by setimgItNT
value in theVARS card. No statistical errors are given.

LEAKAGE: BACKWARD FORWARD SI DE

This table, and the values following it, present informatam particles which have passed out of the
model’'s geometrical limits. The table is arranged in 3 colarfabeled by the indicated directions.
The first row, TOTAL SURFACE CHARGED CURRENT is the number of charged hadrons; the
second row]JOTAL SURFACE NEUTRAL CURRENT is the number of neutrons. This is followed
by HADRON LEAKAGE ENERGY, GEV, a sum of the energy carried by these exiting particles in
the indicated directions. This table is followed by singédues for the leaked energy from various
particle types, along with the total of all types. Finallyete is the/l SI BLE ENERGY BALANCE
which compares the total energy detected within the gegmeta projected total energy which is
defined on the following line.

For geometries similar to beam dumps with thick shieldingg expects most or all of the energy
to be contained within the model. For geometries which siteuh beamline, one expects a good
fraction of the incoming beam energy to pass through. Themeage values help one determine if
the model is behaving in an expected way, and help give italisaf how energy is being carried
out of the model.
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HADRON LEAKAGE SPECTRA

This table presents the energy spectra for different graigsadrons which have leaked out of
the model. The data are arranged in 3 main columns for the éddldirections,UPSTREAM
DOWNSTREAM SI DE. Each of these main columns holds in turn 3 sub-columns éalfe| PBAR
for p andp, N, NBARfor n andpm, andPl +/ - , K+/ - for 7+ and K*. The rows are bins in energy
with the indicated values. Two spectra data entries arendiveeach row/columndF'/dE in units
perGeV-cm? anddF/d(InE) in units perem?. At the end of the table are three additional results,
combining the specified particle groups into a single vatureehich of the three leakage directions.
The first result iSTOTAL ( 1/ CMr* 2) , the sum of thelF'/d(InE) spectra; the second result is the

mean energ<E> ( GEV) ; the third result is the dose equivaldthDRON DEQ ( nSv) due to the
leaked hadrons.

OTHER NON- LEPTON LEAKAGE SPECTRA

This table is similar in set-up to the one described abovifdnulifferent particle groupings. In this
table, all charged hadrons are one particle group, all aebédrons, and all heavy ionBoes this
table include the particles from the above table, just ifiedént combination? Or is it a summary
of anything NOT included in the above table? In my sampleututhis table is all zeros, while the
above table has some data results.

GRAPH: HADRON LEAKACGE SPECTRA

This table repeats théF'/d(InE) data from theHADRON LEAKAGE SPECTRA table, but refor-

matted so that the columns of data can easily be cut-ané¢asgb an external graphics or spread-
sheet program.

GRAPH: PHOTON- ELECTRON LEAKAGE SPECTRA

This table presents the energy spectra for photons andasfjpositrons which have leaked out
of the model. The data are arranged in 3 main columns for tlad&edd directionsiFACE BACK

SI DE. Each of these main columns holds in turn two sub-columns wath the photon data and the
other with thee™ /e~ data. Each row is an energy bin, with the bin value in theredst column.
The data is in unitslF/dE 1/GeV — em?. The table is formatted so that the columns of data can
easily be cut-and-pasted into an external graphics or dphegt program. At the end of the table
are three additional results, obtained by combining thdgrhand electron/positron spectra data.
The first result, labeledOTAL ( 1/ CMr*2) , the integral of thelF/dE spectra; the second result

is the mean energyE> ( GEV) from each spectrum; the third result is the dose equivdD&E@
(nBv) due to the leaked patrticles.

GRAPH: HADRON SPECI AL REG ONS SPECTRA

The “special regions” are user-defined cylindrical volursiescified by thé\OBL andRZOB cards in
the MARS. | NPfile. There can be no more than three of these regions deckmddhere is a column
printed for each, filled with zeros if the region is not usedeclring a NOBL region triggers the
production of HBOOK histograms of a variety of results fag #tones within the region; see $ec10.1
for a definition of the histograms. This table holds the saata dsed to fill the histograms, although
as in this case, split into the contributions from threeiplrtypes; each main column for a region
holds three sub-columns labelBdN PI . The data isiF/d(InE) in units hadrons per chand given

in energy bins as labeled by the left-most column (note tlegggnbins are in MeV). The columns
of data are arranged to be easily cut-and-pasted into amektgraphics or spreadsheet program.

GRAPH: PHOTON- ELECTRON SPECI AL REG ON SPECTRA
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This table is similar to the one described above, being dataraulated in the volumes specified by
the NOBL andRZOB cards. This table gives data ferande* in two sub-columns for each special
region. The data here i#\/dE in units per GeV-crh plotted in energy bins as labeled by the left-
most column. The columns of data are arranged to be easigrlspasted into an external graphics
or spreadsheet program. At the end of the table are threg@udiresults, summed or accumulated
from the spectrum data. The first result, label&dlAL ( 1/ CMr* 2) , the integral of theIN/dE
spectra; the second result is the mean enefgy ( GEV) from each spectrum; the third result is
the dose equivalemEQ ( nSv) due to the particles passing through each volume region.

GRAPH: TOTAL DOSE EQUI VALENT

This table presents data values versus location in the mrolighe, ignoring zone and region bound-
aries. The data is instead mapped inte Bins and 10z bins. The maximum- and z bin values
describe the maximum extent of the model - the Standard zmm¢ter volume”; the bins are cre-
ated by equal divisions between zero and the maximums. Thmst column gives the mean
coordinate in each bin; the top two rows give the lower andeuppange for each of those bins.
The data in this table is the total dose equivalent in unitsn&v per incident primary particle.
The columns of bins and data are arranged to be easily cupastéd into an external graphics or
spreadsheet program.

GRAPH: TOTAL STAR DENSI TY

This table presents data values versus location in the mrolighe, ignoring zone and region bound-
aries. The data is instead mapped inte Bins and 10z bins. The maximum- and z bin values
describe the maximum extent of the model - the Standard zmm¢ter volume”; the bins are cre-
ated by equal divisions between zero and the maximums. Thmest column gives the mean
coordinate in each bin; the top two rows give the lower andeappange for each of those bins.
The data in this table is the total star density, in units afssper cm per incident primary particle.
The columns of bins and data are arranged to be easily cupastéd into an external graphics or
spreadsheet program.

GRAPH: DI RECT ENERGY DEPOCSI Tl ON

This table presents data values versus location in the mrotiehe, ignoring zone and region bound-
aries. The data is instead mapped inte Bins and 10z bins. The maximum- and z bin values
describe the maximum extent of the model - the Standard zmm¢ter volume”; the bins are cre-
ated by equal divisions between zero and the maximums. Thmest column gives the mean
coordinate in each bin; the top two rows give the lower andeappange for each of those bins.
The data in this table is the total direct energy depositealtime materials of the model, in units of
GeV per gram per incident primary particle. The columns oland data are arranged to be easily
cut-and-pasted into an external graphics or spreadshegtgon.

GRAPH: TEMPERATURE RI SE

This table presents data values versus location in the mrotiehe, ignoring zone and region bound-
aries. The data is instead mapped inte bins and 10z bins. The maximum: and z bin values
describe the maximum extent of the model - the Standard zoétier volume”; the bins are cre-
ated by equal divisions between zero and the maximums. Thmbest column gives the mean
coordinate in each bin; the top two rows give the lower andeuppange for each of those bins.
The data in this table is the temperature rise of the masediaé to beam from a single pulse oft 20
primaries, in units of K; it is assumed that the starting terafure of the materials is 300K unless
the user changed this via tH&MPO value on the/ARS card in theMARS. | NP file. The columns
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of bins and data are arranged to be easily cut-and-pastedimexternal graphics or spreadsheet
program.

GRAPH: DOSE EQUI VALENT

This table presents data values versus location in the mrolighe, ignoring zone and region bound-
aries. The data is instead mapped inte Bins and 10z bins. The maximum- and z bin values
describe the maximum extent of the model - the Standard zmm¢ter volume”; the bins are cre-
ated by equal divisions between zero and the maximums. Thmest column gives the mean
coordinate in each bin; the top two rows give the lower andeappange for each of those bins.
The data in this table is the tissue dose equivalent, in whitaSv per incident primary particle.
The columns of bins and data are arranged to be easily cupastéd into an external graphics or
spreadsheet program.

GRAPH: TOTAL HADRON FLUENCE | N HI G4 ENERGY SECTOR

This table presents data values versus location in the mrotiehe, ignoring zone and region bound-
aries. The data is instead mapped inte Bins and 10z bins. The maximum- and z bin values
describe the maximum extent of the model - the Standard zoétier volume”; the bins are cre-
ated by equal divisions between zero and the maximums. Thmest column gives the mean
coordinate in each bin; the top two rows give the lower andeappange for each of those bins.
The data in this table is the total hadron particle flux forroad with energy greater than the value
of EM the hadron threshold energy, in tBBIRG card; the default threshold value is 0.0145V .
Units are hadrons per énper incident primary particle. The columns of bins and dageaaranged
to be easily cut-and-pasted into an external graphics easisheet program.

*FrRxxFxE LOW ENERGY NEUTRON SECTOR *******

This delimiter labels a group of tables which hold data on é&wergy neutrons, those with energy
below ??. A few single data values are given here: the totgrow collisions per primary, the total
energy leaked due to this class of particles, and the nunftdewocenergy neutron which exit the
model volume.

TOTAL FLUENCE AT E < 14.5 MEV, N CM2

The table presents, arranged by Standard zone numberwlen&rgy neutron flux, in particles per
cm?. Each data value is accompanied by it's statistical error.

ENERGY DEPGCSI TI ON AT E < 14.5 MEV

The table presents, arranged by Standard zone number gty eteposited by low energy neutrons,
in units of GeV per gram. No statistical errors are given.

NEUTRON LEAKAGE SPECTRA PER CM *2

This table presents the energy spectra for the low energyrareuwhich have leaked out of
the model. The data are arranged in 3 main columns for the éddldirections,UPSTREAM
DOANSTREAM SI DE. Each of these main columns holds in turn 3 sub-columnséaldtUTRONS
for ?? the overall spectrumy UNI T LET for ??, andN/ MEV for ??. The rows are bins in
energy with the indicated values. At the end of the table lareet additional results, integrating
the results to a single value for each of the three leakagetdins. The first result ISEUTRON
FLUENCE( N/ CMr * 2) ; the second result is the mean enerdg> ( GEV) ; the third result is the
dose equivalellEUTRON DOSE EQ VAL (nSv) due to the leaked neutrons.

GRAPH. L. E. NEUTRON LEAKAGE SPECTRA: dF/d(lnE) per cnt*2
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This table is similar tcNEUTRON LEAKAGE SPECTRA PER CM * 2 table, but reformatted so
that the columns of data can easily be cut-and-pasted in&xt@nnal graphics or spreadsheet pro-
gram.

SPECI AL REG ONS NEUTRON SPECTRA PER CMF*2

The “special regions” are user-defined cylindrical volurapscified by theNOBL andRZOB cards

in the MARS. | NP file. There can be no more than three of these regions declarefthere is
a column printed for each, filled with zeros if the region i4 need. Declaring a NOBL region
triggers the production of HBOOK histograms of a varietyesults for the zones within the region;
see Se¢10l1 for a definition of the histograms. This tableshtiie same data used to fill the
histograms, although as in this case, split into three dfiesiteach main column for a region holds
three sub-columns label®EUTRONS N UNI T LET N MEV. The data is given in energy bins as
labeled by the left-most column (note the energy bins areéWMThe columns of data are arranged
to be easily cut-and-pasted into an external graphics easisheet program. At the end of the table
are three additional results for each special region, suhonaccumulated from the spectrum data.
The first result iSNEUTRON FLUENCE( N/ C\VF * 2) ; the second result is the mean enerfy>

( GEV) ; the third result is the dose equivaléMEUTRON DOSE EQ VAL (nBv).

GRAPH. L. E. NEUTRON SPECI AL REG ON SPECTRA: dF/d(InE) (1/cnr*2)

This table is similar to the one described above, being dataraulated in the volumes specified
by theNOBL andRZOB cards. The data here is the low energy neutron speciNfi/E in units
per GeV-c, plotted in energy bins as labeled by the left-most columhe Tolumns of data are
arranged to be easily cut-and-pasted into an external psaphspreadsheet program.

GRAPH: LOW ENERGY NEUTRON FLUENCE (N CM2 PER 1 PPP) AS A FUNCTI ON OF
DEPTH( DOAN) AND RADI US( ACROS) | N CM

This table presents data values versus location in the mrotiehe, ignoring zone and region bound-
aries. The data is instead mapped inte Bins and 10z bins. The maximum- and z bin values
describe the maximum extent of the model - the Standard zoétier volume”; the bins are cre-
ated by equal divisions between zero and the maximums. Thmbest column gives the mean
coordinate in each bin; the top two rows give the lower anceuppange for each of those bins. The
data in this table is the low energy neutron flux, in units aftnens per crh per incident primary
particle. The columns of bins and data are arranged to bé eagtand-pasted into an external
graphics or spreadsheet program.

GRAPH: TOTAL NEUTRON FLUENCE AT E > 1.000E-01 MEV (N CM2 PER I NC. PAR-
TICLE) AS A FUNCTI ON OF DEPTH(DOWN) AND RADI US(ACROS) | N CM

This table is similar to the one described above, but foralitrons below the stated energy cutoff.

GRAPH. NEUTRON FLUENCE AT E > 0.1 MEV (N CM2 PER | NC. PARTI CLE) AS A
FUNCTI ON OF DEPTH( DOWN) AND RADI US(ACROS) IN CM

This table appears to be identical to the one above.

GRAPH: NEUTRON FLUENCE AT E > 1 MEV (N CM2 PER | NC. PARTI CLE) AS A
FUNCTI ON OF DEPTH(DOWN) AND RADI US( ACRCS) | N CM

This table is similar to the one described above, but foralitrons below the stated energy cutoff.

GRAPH. NEUTRON FLUENCE AT E > 1.450E+01 MEV (N CM2 PER | NC. PARTI CLE)
AS A FUNCTI ON OF DEPTH( DOWN) AND RADI US(ACROS) I N CM
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This table is similar to the ones described above, but farelktrons below the stated energy cutoff.

30days/ 1day RESI DUAL DOSE RATE AT CONTACT (nSv/hr) FOR | = 1.0000E+12
P/ SEC

The table presents, arranged by Standard zone numbersidaakdose predicted at the surface of
each Zone after a canonical exposure. The exposure usedla/8Qvith 1E2 primaries per second
entering the model, followed by 1 day of “cool-down” decayelresidual estimates are valid only
for relatively thick zones, those with a lateral thickness,;,,, the Zone material’s interaction length.

GRAPH: 30days/ 1day RESI DUAL DOSE RATE AT CONTACT (nSv/ hr)

This table presents data values versus location in the mrotiehe, ignoring zone and region bound-
aries. The data is instead mapped inte Bins and 10z bins. The maximum- and z bin values
describe the maximum extent of the model - the Standard zoétier volume”; the bins are cre-
ated by equal divisions between zero and the maximums. Thmst column gives the mean
coordinate in each bin; the top two rows give the lower andeuppange for each of those bins.
The data is identical to that in the table described aboviereshinned.

MUON FLUENCE (MJON/ Cwvr*2) AT E > 0.00020 GEV

The table presents, arranged by Standard zone number, the flx in each Zone, for muons
above the stated energy cut-off. Each main row holds fousreuls: the first tabulating only.™,
the second tabulating only—, the third tabulating all muons, and the fourth being théisteal
error on the total muon flux.

The table presents, arranged by Standard zone number, afistisal errors are given.

The table presents, arranged by Standard zone number, afistisal errors are given.

The table presents, arranged by Standard zone number, afistisal errors are given.

The table presents, arranged by Standard zone number, afitisal errors are given.

The table presents, arranged by Standard zone number, afistisal errors are given.

The table presents, arranged by Standard zone number, afistisal errors are given.

The table presents, arranged by Standard zone number, afistisal errors are given.

The table presents, arranged by Standard zone number, afistisal errors are given.

The table presents, arranged by Standard zone number, afistisal errors are given.
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The table presents, arranged by Standard zone number, afistisal errors are given.

The table presents, arranged by Standard zone number, afistisal errors are given.

The table presents, arranged by Standard zone number, afistisal errors are given.

The table presents, arranged by Standard zone number, afistisal errors are given.

1. Crude estimation of three-dimensional distributionasfidual dose rate, iRad/hr, after 30-day irra-
diation at the mean beam intensAy NT particles per sec and 1-day cooling. These are valid only for
sufficiently thick systems, beyond a lateral thicknes% of;,, .

2. Three-dimensional distribution of thelative statistical errors of star densities, fluxes and energy
deposition densities.

3. Leakage data: number and energy of albedo hadrons, ohffunagh had-
rons and of hadrons that escaped the sides of the systeragkeakergy of low-energy neutrons and
of electromagnetic showers; total leakage energy; eneatanbe.

4. Leakage energy spectra of different particles for thérapm plane, downstream plane and for the
rest of the system.

5. If NOB>1, energy spectra of different particles in the pre-deteeulispecial regions.

6. Tables of particle spectra, of star density, of hadronpmand low-energy fluence, of total energy
deposition density, and of temperature rise, ready for ugegraphics packages. The same tables are
saved in separateRA files if activated inMAIN .

11.1.3 TheMTUPLEFile

I ND( 1) =T — ALWAYS. The program calculates and prints distributiofig¢ oe~ and photon fluxes and of
energy deposition densityand related values: dose equivalent, instantaneous tataperiseAT at given
initial temperaturél,=TEMPOand number of particles per beaky=Al NT (seeVARS), and contact dose
due to induced radioactivity d¥, beam intensity. Other values discussed in Se¢fion11.&.2alculated
independently of the ND( 1) meaning.

11.1.4 TheMTUPLE. NONFile
If the user defines geometrically complex insertions defiwdti REGL routine as a supplement to the

standard andextended geometries, additionally the program prints in a compacnhfmost of the above
guantities with corresponding statistical errors forralh — standard regions.
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11.1.5 TheMIUPLE. EXGFile

11.1.6 TheMIrUPLE. MCNP File

11.2 Other Data Output Files

have a less portable format which is fixed by non-ugers routines which cannot be modified. a few

files to be used by graphics packages and othem®A|. .PLOT) and to be used in a consecutive run in a
multi-stage case; the files are defined in #?e

11.2.1 TheTRACK. PLOT file

11.2.2 TheVERTEX. PLOT file
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12 Graphical-User Interface

A Graphical-User Interface&jARS-GUI-SLICE, has been developed. Itis basedl@¥ Tk and is linked in to

the user’s executable, however it is active only when speitégs are set in the input file. When the interface
is active, no events are generated, but the user’'s encodedeg is probed and visually displayed. The
interface displays all the details of the encoded geomstigywing the encoded zone numbers, materials and
magnetic fields; it is a valuable tool for checking complexmetries before executing event generation.
During event generation runs, the user can specify outpa# fiblding histograms and particle tracks; these
output files can be opened by tl&U! interface, post-run, and projected onto the visual dispihthe
geometry.

12.1 Main Features
The mainMARS-GUI-SLICE features are:

e Two-dimensional geometry slice and magnetic field view omaghical display panel (GDP). Maxi-
mum and minimum coordinates along each axis and maximumdagtgbonents are provided for the
given view in corresponding entry fields (EF). They are cleghgutomatically by grabbing a desirable
view box on the GDP holding TRL key and clicking with the mouse left button at the two diagona
box corners. Alternatively, the lower and upper view bourefacan be typed in the EF along with a
binning of the magnetic field grid seen on the GDP. Therelslascalecheck field (CF) to return to
anatural scale.

e A slice plane is chosen by a corresponding radio-button. Ametic field view can be interactively
turned ON and OFF in a corresponding CF.

e Materials distribution in a given view is represented in lcor black and whitavire-frame (contour)
modeor in acolor region-filled modewith the mode chosen by a corresponding radio-button. By
clicking a corresponding button, elaterials window is created, with the CF displaying material
index and name and select boxes (SB) showing color of eacbrialan the given view on the GDP.
The pre-set materials colors can arbitrary be modified irctivreesponding SB individually for each
material. The colors can be reset individually or globalBhanging the view automatically adjusts
the material info in this window.

e By clicking a left mouse button at any point of the GDMPaint Infowindow is created with informa-
tion display fields (IDF) containing coordinates, regiommer, material name and index, magnetic
field module and a value of histogram (see below) for this tpoirhis window keeps the position
intact.

e Particle tracks in the given view can be displayed on the GpRdding a *PLOT file generated by
MARS. Similar to materials, by clicking a corresponding buttarRarticleswindow is created, with
information similar to theMaterialswindow: particle 1D, name, color and SB displaying color of
each particle and allowing color modification. A correspagdCFs allow turning ON and OFF any
ID and global track visibility. One can examine tracks bgkiing a middle mouse button at any track
point on the GDP. ATrack Infowindow is created with IDF containing the particle 1D, narags well
as the current energy, statistical weight and coordinattésegoint.

e After the run, a variety of calculated 2-D histograms candasléd and overlaped with the geometry
view on the GDP. A *HBOOK file is loaded in theLoad Histwindow and a desirable histogram is
selected there from the IDF list by its ID or name. The geowleistogram view is now handled as
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a whole. ThePoint Infowindow allows now for a detailed examination of the histogrzalues even
within the same decade (color).

e The view can be inverted both vertically and horizontally.

e One can add arbitrary texts all over the GDP withext window activated by the mouse right button.
Variety of fonts can be chosen there. Fonts, subscripts aperscripts are handled as in thRGR
plotting tool [107]. Text can be modified, moved around theFGd deleted.

e Up to 20 of the GDP views can be stored and restored back andsieeed by clicking<< or >>
buttons.

e The GDP can be saved as an Encapsulated Postscript file kynglithe Print button. The entire
window or its arbitrary fraction can byev-grabbed by clicking th&rab button.

e A version exists for a 3-D solid body representation ]108].

12.2 New Advanced Features

Substantial improvements have recently been made tmars-Gui-SLICE package. All the following
features apply to th®ARS15 graphics mode selected throu@hRL 1 in MARS. | NP.

1. Selection of four GUI window sizes, respectively Extrargie, Large, Medium, Small: XL
(1000x840), L (700x700), M (580x640), S (480x540). The GIdpp up by clicking on any of the
above buttons. No further change on the GUI window size @nadt further on. In order to change
the window size the user must terminate the current worki@essd restartMARS15 in graphics
mode.

2. The GUI panel has been compacted leaving some spacedoe figvelopments. Resizing of the GUI
window is inhibited.

3. Loading the geometry first by clicking on tke Draw > button is now enforced by disabling both
< LoadHist > and< LoadT'rack > buttons that are grayed out prior to loading the geometry.

4. Either a histogram or the tracks can be loaded. In ordeya the tracks, when a histogram is being
displayed on the canvas, the user must click on the relati¢g®V > toggle. Consequently the toggle
turns to< OFF > and the button< LoadTrack > is enabled for selection. Similarly, in order
to load a histogram, when the tracks are being displayed @mrdhvas, the user must click on the
relative< ON > toggle. Consequently the toggle turnsta) F'F' > and the button< LoadHist >
is enabled for selection.

5. A button< HistNorm > and relative entry have been added to the GUI panel. Whert@ghasn
is loaded the entry field shows the data normalization patem{al NT or 1) applied bymARS15
when operated in simulation mode. The user has the posgitilirenormalize on-line a histogram
displayed in GUI, i.e., to vary the current histogram datenradization by typing a new factor in the
entry field and then clicking on the jDrawy, button. Useful isply results without a new Monte-
Carlo run for another beam intensity or for another unitg, ‘sarem” instead of “mSv” (by increasing
the normalization parameter by a factor of 100).

6. An arbitrary histogram valuklBK can now be displayed in the Pointinfo > widget. It was
limited to the2 x 107% < HBK < 2 x 10*? in the old version.

137



10.

11.

12.

13.
14.

15.

16.

12.3

. A histogram data representation uniquely corresponds ¢boice of the variablec Number —

Of — Decades >. Acceptable values for such a variable are: 2, 4, 8, 16. Thempound is
16. Upon loading a histogram the data are coded into 16 calods16 decades. The user can
improve the resolution of the data representation by reduthe data range, hence changing the
< Number — Of — Decades > by entering the appropriate range end points in the relaintey
field.

. A < Reset > button has conveniently been added to the GUI panel. If sleall the current work

session data are lost and the GUI is reset to its start-ug. stat

. TheMaRs15 particle IDJJ has been added to the T'racksPoint > widget.

The behavior of the histograrn ON/OF F > toggle has been forced to be the same as the behavior
of the tracks<k ON/OF'F > toggle.

When a histogram is being displayed, the “aspect ratigt’ $tring, the axes-symbol, and the max-
imum/minimum data values on either side of the color bar camitagged all over the canvas by
point&click using the mouse< Button — 3 >. They are also singularly deletable by point&click
using the key stroke: Ctrl >< Button — 3 >.

The added: ViewFormat > button allows for switching between the 1 and16: 9 canvas aspect
ratios. The former view is intended for working purposeserelas the latter one is useful for generat-
ing publications and documentations inserts. Some whieespt the bottom of the canvas allows the
user to include some add-on text strings. This new GUI stafelly integrated with the other GUI
features.

The tracks environment has been integrated with theyateh system<< and>>.

User’s add-on text strings and arrows have been inegyrgith the navigation system<, >> and
view format.

The geometry display modes have been reduced to two,;namé'ill > and< WireFrame >.
The former is currently the default at GUI start-up.

The horizontaH and verticalV rotation radio-buttons have been compacted. The rotatidiali
(default) values depend upon the slice/view selection raaog to TabldIZl2. Remembanars15
uses the right-handed cartesian coordinate system. Thereie default settings shown in the table
correspond to the top, side and cross-sectional (lookimggethe z-axis) views, respectively. The user
can further vary the current slice rotation by acting diseoh theH andV radio-buttons.

Table 13: Default GUI rotation settings.
Button Y -2 X -7 X-Y
H T 0 0
Vv 0 0 0

Installation and usage

This package requires to havel / Tk installed.Tcl / Tk is scripting language and graphical user interface
designer, developed by Dr. J. Ousterhout. It is free sovesrd anyone can get copy from Scriptics web
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site [109]. At least version 8.2 is required. Six variable&iNUmakefile might require changes in order to
accommodate local installation:

e TCL_VER-Tcl version. Version 8.2 is known to work and it is the defauliueal

e TCL_INC - location of theTcl include files.

e TCL_LOC - location of theTcl include files.

e TK_VER - Tk version. Version 8.2 is known to work and it is the defauliueal

e TK_INC - location of theTk include files.

e TK_LOC - location of theTk library files.

e TCLTK_LST - list of Tcl / Tk library files. As default it consists of tcl and tk libraryk$i(TK_VER)

-ltcl$(TCL_VER). Remember to pukk library in linkage script befordcl one.

All interface is inside ondk/ Tcl script callednf . t ¢l , which should be stored inteARS data directory.

In order to run just set second control flBJRL to 1 in the MARS.INP and rumARs executable -
interface window will show up. Remember to set DISPLAY eaximent variable properly if you're working
on remote computer via network.

12.4 Interface features

Interface main features:

e Draw magnetic field and two-dimensional geometry slice.ivated by pressingraw button ord or
D key. The picture of the main window is shown below
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e The panel upper fields inform user about maximum field compisngnd maximum field value
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BH maxi(T, | BY maxi(T)| B maxz(T)

20.600 Je.050 41 .521

e User can change the minimum and maximum values for each icabedaxis together with number

of points used to draw magnetic field. It can be done usingemntocated on the right side of the
interface. It is worth to mention also that

NEx NEBv NEz

20 20 20

Hmin{em) | ¥min(com) | Emin om)

—Jb .05 —3db.05 -0.6

Hmax(com) | Ymaz(om) | Emax(om)

db .05 Ja.05 20.6

& ¥-% ~ H-Z  H-¥

e User can set what axis slice will be activated. It can be dameguradio buttons on the right side of

the interface or pressingX, y,Y or z,Z keys respectively. Also the slice coordinate can be segusin
respective entry fields.

* ¥-% | ~ H-E | VH—E'

H=|III. ~r=||:|. E:IIII.

e The magnetic field could be interactively turned ON and OFlad®r using the button.Magnetic field
is ON by default

Magnetic fieldu o)y

e Switch from so-called "Natural” to separately scaled viéw."Natural’ mode program tries to pre-
serve the same scale over horizontal and vertical axes. @tigohtal axis counts as primary one,
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therefore when button "Natural” is pressed, vertical axiararies will be changed to accommodate
changes in horizontal axis thus keeping the same overd#.ségéhen "Natural” is turned OFF, you
can set horizontal and vertical boundaries separatelyrbllatiew is OFF by default.

MNatural scale oFF ”

e Checking coordinates, region number, material index andgneigc field module just clicking left
mouse button on field/geometry map. It keeps the positi@cirdnd updates

Point info =] |

Point Info

NEEZ IM E(T) Z 1 om) T om)
11 | 0 | 23,227 | 5.813 | 21,486
close

e Saving the drawing as well as ran external X grabber to cragiieture as Encapsulated Postscript
[110]. Saving the image as Encapsulated Postscript coutlibbe by pressingrint button. User will
get the dialog where he or she will be able to set EPS file name. aso can start external image
grabber kv by default) just pressin@Grabbutton.
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Print GEOfField

Directory: . — | |

E|

/1 tel

~

|~

File name: I Save

Files of tvpe: EPS Files (*.eps,*.EP3) — Cancel

e User is able to load particle tracks as producedvars. Stored tracks file usually haPLOT
extension. Also there is possibility to turn on or off thecka visibility. All of that can be done in
main panel using “Load Track” button and switch.

Load Track O

The same as “Print” dialog will appear with prompt to entack file name
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Track data

Directory:

/1 tel
E] TRACE.OLD.PLOT

E TRACE.PLOT

) [~

File name: I Qe

Files of tvpe: TRACK Files (*.PLOT,*.plot) — Cancel

e There are two information panels can be started - one formalt@nd another for particles.

Materials | Particles |

¢ Materials info panel allows you to examine which materialrigwn in which color, turn ON and OFF
interactively what material to show. It can be done by presshe buttons on the panel left. The
individual material color can be altered by pressing thema square on the panel right.

144



Materials _ 0O |

Materials
M | Name | Modify | Reseat |

O{on) VAL

2lon) i

Eeset

Close

Of course, if you change the view and number of materialstvélthanged, the panel will adjust auto-
matically

e Particles panel has the same properties and allows userkpaiticular particles to show and change
tracks color interactively
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Particles =] E3 |

Particles ‘

ID | HName ‘ Modify \ Reset |
ECOla

—
[Gov [

B |
M |

fien o [

Eeset

Close

e User can examine tracks by pointing mouse and pressing entditon. panel with track information
will appear and patrticle type, energy, weight and positidhive shown.
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Tracks @ point N =] |

Track Info

Mame E(Gay) 1% Z 1 om) T om)
n | 0.2667 | 1.68 | 5.134 | 4.182
close

e User can add texts all over the picture. One can do it by hgl&@hift key and pressing mouse right
button simultaneously. Text will be drawn where the mousitpo is positioned at this moment.
Dialog window will appear where text can be entered

o Text  MEE

Enter the text

Y Omh 0S4+ 0my 88041 collider]

OF

Fonts

Close

The same convention as in well known XMGR drawing tool 11&7¢ised. Namely\n will switch you
to font numbem, \S will switch text to superscript modgs will switch text to subscript mode and will
return text back to normal position. Example above will prog the next text

M+ji_ collider

e You also can choose fonts interactively by pressing Fort®mwuDialog will occur which will show
you what fonts are available. Font numeration in the diasogxactly the same used in text entry field
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Fonts =0 |

Fonts
S Courier AaBkbCoDd
~ Courier Italic AzEBEhCoDd
~ Courier Bold fAaBhCcDd
. Helvetica AaBEhCcld
v Helvetica Italic AaBb el
g Helvetica Bold AaBbCeDd
~ Times AaBbCcld
~ Times Italic AaBbCelld
~ Times Bold AaBhCeDd
v Graesk AcBRXwAb
T ik T

~ Svmbol
ok
211 fonts
Eeset

Texts can be moved around the picture by grabbing them wiitth thouse button and dragging them
around. User can delete texts by holding Ctrl key and prggbind mouse button on text fragment to
be deleted.

Ability to zoom in part of the picture using mouse. Just hGtd | key while marking the opposite
corner of zooming box and then redraw the geometry.

Possibility to view the inverted image. You can use the feifg buttons to set either horizontal or
vertical inversion and then redraw the geometry.

H 0 | v | +D|vnm

The ability to draw the geometry with filled or transparenokors, or even in colorless (black&white)
mode using next radiobuttons panel.
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% Color | ~- BEW | -~ F111 |

e The possibility to overlap the geometry view and histograawy User could open histogram after
MARS batch runs and draw the result of calculations on topeaihgetry

Temdl miee || ON —9g —9g

e Note, that it is user responsibility to make picture anddgsam coherent. One can open .hbook file,
check the histogram list and choose what histogram to load.

B < Histograms o |0 x|

413 [F1?[g]! (1/cm 2! flppp) ws |\
14 [Fl7?e+[m]! (1/em”2! Flppp)

415 Power density (mW/g) at A
116 Dose equivalent FTD (m3wv/
1411 [Fl?n! (1/cm2! flppp) vs |
1412 [Fl]?ch.h! {1/cm*2! flppr)

1413 [Fl?[g]!(licm2! /lppp) W
1414 [F]?e+[m] ! (1/cm2! flppp)
1415 Power density (mW/g) at .
1416 Dose equivalent FTD (mSw _',.f

~J | P

)k

Cancel

e The possibility to store and restore back number of prevgmsmetry views and then move between
them using one mouse click. That can be done using next tautton

= ( = (
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13 Additional Code Topics

13.1 Rules-Of-Thumb

It is obvious that the quality of the typical output of any epébr given physics model, depends on how the
user built the calculational model and how he/she handleddde. The geometry description is of primary
importance. Then, as stated above, the most essential gt@mamo control the calculational accuracy
for given physics model are the number of incidents (primargnts)NEVT and the inclusive/exclusive
switches. Some other parameters also affect the compufioigecy: the accuracy of boundary localization
in iterative transport algorithfSBTEPEM | ND( 6) option, cutoff energies, geometry details, histogramming
etc. Naturally, the highekEVT, the better the result will be. But here we come to a conttadicvith both
CPU timet; and timet, alotted for the whole problem. The strategy would be to keeth b andt, as
small as possible. There are a few rules for a user to get stdroen theMARS code. These rules are:

1. RequiredNEVT is determined by a statistical error in a phase-space or geimal region of inter-
est. The calculated results in a given reghdare statistically valid only if a R.M.S. statistical error
6 <20%. So, run until this condition is satisfied. Do short rumnst fio estimate requireNEVT and
play with DUMP output.

2. Before along run, try to understand what a combinatiomdfisive/exclusive options provides high-
est computing efficiency.

3. Use as few as possible geometrical regions described theaktandard, extended and user —
supplied sectors: CPU time grows almost linearly with the number giaes in the direction of
predominant propagation of the particles.

4. Use as little as possible volume detector histogrammiirig:rather time-consuming. At least mini-
mize the number of bins.

5. KeepSTEPEM~O0. 1 Xt,,;n, Wheret,,;, IS a smallest linear size of the smallest region in the censid
ered group of zones.

6. Use cutoff energies for each particle class as high ashpegt not damage result, of course), espe-
cially in bulk regions far from your regions of interest.

7. Usel ND( 15) =T for thick shielding calculations.

8. Usel ND( 6) =T and DLEXP+#1 options for thick shielding calculations. Be carefull aghwany
biasing techniques, do short tests first.

9. Usel ND( 1) =Fin a routine run to reduce amount of the output.

In some of these rules, the code takes care of those componestme effective manner anyway, but
the user can reduce the CPU time drastically if he/she tufrieecorresponding options.

13.2 Biasing and Other Control of Physics Processes

This is a new section, intended to describe in detail how tdarobor modify the physics processes applied
to various particle types as they are transported; for exenvghat thresholds or other input deck settings
modify which physics processes.
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13.3 Supplementary Routines

Section on supplementary routines available fromniaes libraries: ATNM, RM48, RNDM, POISSN,
NORRAN, NORMCO, FINEXT, EINT, FINT2D, SGINT1, ISOTR,

13.4 Multiprocessing

A parallel processing option has been developed and impierddntomARS15 [15]. It is based on the
Message Passing Interface (MPI) libraries. Parallebrais job-based, i.e. the processes, replicating the
same geometry of the setup studied, run independently Widreht initial seeds. A unique master process —
also running event histories — collects intermediate testdm an arbitrary number of slaves and calculates
the final results when a required total number of events has peocessed. Intermediate results are sent to
the master on its request generated in accordance with dudoigemechanism. The algorithm was tested
on Unix and Linux clusters and demonstrated good perforeanc

13.5 External Packages Required
13.6 Interfaces to Other Programs
13.6.1 STRUCT

13.6.2 ANSYS
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14 Additional Information

14.1 MARS Web Page and World-Wide Support
MARS is under active development, with new versions releasedyergar or so. Registered users will
be sent email announcing new releases, with a list of theifesitwhich have been implemented. Many

examples with corresponding write-ups are posted on tke Bitquestion-and-answer sections holds user
guestions with expert response.

14.2 Benchmarking of the Simulation

Outline the bench-marking to data process. Refer to Damau&ition comparisons in published references.

14.3 Future Developments

Outline on-going developments
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