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DISCRETE PROCESSES MODELLING AND GEOMETRY DESCRIPTION
IN RTS&T CODE This paper describes the recent version of the RTS&T code
system. RTS&T performs detailed simulations of many types of particles
transport in complex 3D geometries in the energy range from a part of eV up to
20 TeV. A description of the main processes is given.

The RTS&T [1] code (Radiation Transport Simulation and Isotopes Transmutation
Calculation) was assigned for detailed Monte Carlo simulation of many particle types
transport in a complex 3D geometry's with composite materials and calculation of particle
fluxes and functionals of radiation fields and isotopes transmutation problem as well. A direct
using of evaluated nuclear data libraries (ENDF/B-VI, JENDL, FENDL, BROND, EAF and
so on) to particle transport simulation and isotopes transmutation in low and intermediate
energy regions is the general idea of RTS&T code. The code can be successfully used for
verification of non-grouping constant systems recorded in ENDF format. It is possible to use
the RTS&T code to criticality calculation and nuclear safety analysis. The main changes
compared to the previous code version concern the hadron- and photo-production model in
intermediate and high energy regions, hadron- and photon-nucleus cross sections
compilations, improved data for charged particle energy losses in composite materials.

I. Elementary processes simulation

PEF99 (Pre-equttibrium-Equilibrium-Fission): cascade-exciton model of intermediate
energy hadron and photon interactions

In the RTS&T calculations the hadron-induced nuclear reaction process in energy
region about 20 MeV to 5 GeV is assumed to be a three-step process of spallation (intra-
nuclear cascade stage), pre-equilibrium decay of residual nucleus and the compound nucleus
decay process (evaporation/high-energy fission competition). To calculate the intra-nuclear
cascade stage the Dubna-version of intra-nuclear cascade model [2] coupled with the
Lindenbaum-Sternheimer isobar model for single- and double-pion production in nucleon-
nucleon collisions and single-pion production in pion-nucleon collisions was provided.
Recently the addition of multiple-pion channels includes in code package to simulate up to 5
pions emission. The pre-equilibrium stage of nuclear reaction simulation is based on the
exciton model. As proposed in [3] the initial exciton configuration for pre-equilibrium decay
is formed in cascade stage of reaction or postulated in general input. The equilibrium stage of
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reaction (evaporation/fission processes competition) is performed according to the
Weisskopf-Ewing statistical theory of particle emission and Bohr and Wheeler or Fong
theories of fission. To calculate the quantities determining the total fission width, Atchison
prescriptions are used. Double-humped fission barrier parameters for Z>90 were taken from
data set obtained in Obninsk and recommended for RIPL [4]. Experimental single-humped
fission barrier heights are incorporated in RTS&T as proposed in Refs. [5,6] or according to
many models: Barashenkov et al. phenomenological approach [7]; Barashenkov and Gereghi
semi-phenomenological approach [8]; liquid drop model with Myers and Swiatecki's
parameters [9]; liquid drop model with Pauli and Ledergerber's parameters [10]; Krappe and
Nix's single-Yukawa modified liquid drop model [11]; Krappe, Nix and Sierk's Yukawa-
plus-exponential modified liquid drop model [12]; Yukawa-plus-exponential modified liquid
drop model to calculate the macroscopic barriers as proposed in [13]. Approximation for
Coulomb barrier transmission probability is taken from [14]. In the current version of RTS&T
code the Fermi breakup model for disintegrating of light nuclei has replaced the evaporation
model for nuclei with a mass number between 2 to 16. The evaporation of fragments with a
mass number > 4 is not included in the current version RTS&T. The RIPL recommended
Audi and Wapstra experimental compilation [15] of atomic masses and binding energies is
used in RTS&T model. Level density parameter values are chosen according to RIPL
recommended systematics for any level density models: Gilbert-Cameron (Beijing group data
set); backed-shifted Fermi-gas (Beijing group data set) or Ignatyuk form of Fermi-gas model;
generalized superfluid model (Obninsk group data set); microscopic generalized superfluid
model; shell dependent model proposed by S.K. Kataria and V.S. Ramamurthy [17] or
according to the set of Malyshev's empirical systematic for 24<A<247 [18]. To estimate of
the averaged squared matrix element 3 different models can be used:

1) estimation in approximation of quasi-free scattering of a nucleon above the Fermi
level on a nucleon of the target nucleus [3];

2) parameterization taken from [19];
3) a set of empirical parameterizations.

PEF99 has three different models to simulate the gamma-ray emission in pre-
equilibrium and equilibrium stages: the Weisskopf single-particle model, the Brink-Axel giant
dipole resonance model, and the Kopecky-Uhl generalized Lorentzian model. To calculate the
partial level densities for preequilibrium emission simulation the Avrigeanu systematic [16] is
used. Composite (recommended) formulas include the advanced pairing and shell correction
in addition to the Pauli effect, and average energy-depended single-particle level densities for
the excited particles and holes. The PEF99 routine allows to calculate mean multiplicities of
emmited particles, production, elastic and fission cross sections, energy- and angular-
integrated and double-differential cross sections for each stage of the reaction. Residual
nuclide distributions are available too.

To calculate the distance to the interaction point and simulation of the hadronic
process type, the Barashenkov's experimental cross sections compilation [20] (coupled with
the EXFOR [21] database information for any channels of proton- and neutron-induced
reactions) or modified parameterizations of [20] was used. A proton and ion nonelastic cross
section was obtained from parameterization in [22-24] as an alternative case. The elastic
angular distribution in the energy region 50-400 MeV was taken from [25-29]. At the higher



- 1 6 3 -

energies other equations can be used for the parameterization of the hadron angular
distributions in elastic collisions (only diffractive scattering is considered).

At Eicin>20 MeV and up to 5 GeV a cascade stage of hadron-nucleus inelastic
collisions is simulated according to the approximation model based on a set of modified semi-
empirical formulas [30] as alternative approach. This approximation of the double-differential
cross sections was modified to calculate the emitted particle parameters in photon-induced
reactions. Initial exciton configuration for aftercascade stage taken from parameterization of
calculation results based on the intranuclear cascade model. Recently, another approach to
simulate the nucleon transport in the energy region up to 150 MeV has been developed and
tested. This method is based on the direct using of evaluated data containing in ENDF-VI
high-energy data file [31].

High energy hadronic interactions

Simulation of hadron-nucleus inelastic collisions at £>5 GeV is based on a set of the
inclusive semi-empirical formulas for a one-particle production in pp-interactions coupled
with the additive quark model of hadron-nucleus interactions for fast secondaries and a
phenomenological model for slow particles. To calculate correctly the secondary particles
production correlations in inelastic nucleon-nucleus interactions the modified FRITIOF 7.02
[32] code can be used. FRITIOF is a Monte Carlo code that implements the Lund string
dynamics model for hadron-hadron, hadron-nucleus and nucleus-nucleus collisions. This code
has been completed [33] with a simulation of the nuclear spallation at the fast stage of the
interaction, with a calculation of the excitation energy of the nuclear residual nuclei and with
a simulation of the nuclear relaxation stage in the framework of the statistical evaporation
model. All of these allow one to calculate the characteristics of the inelastic hadron-nucleus
and nucleus-nucleus interactions at the energies higher 3 GeV per nucleon. More than 20
decay channels are available in the current code version. Residual nucleus yields due high-
energy hadron interactions are available too.

Neutron transport below 20 MeV

Neutron transport in the energy region 10"5 eV<En<20 MeV in the RTS&T code is
based on the direct (without the interim library compilation) use of ENDF/B-VI [34]
evaluated data library for detailed low-energy neutron interactions simulation. Universal data
reading and preparation procedures allow to use another database written in ENDF format
(for example JENDL, FENDL, EAF, BROND, etc.). During the execution of the linearization
(fastest method of cross sections interpolation between adjacent data points), restoration of
the cross sections in the resolved resonance region, temperature dependent Doppler
broadening of the neutron cross sections and checking/correcting of angular distributions and
Legendre coefficients for negative cross-section values are produced automatically with a
help of standard ENDF preprocessing codes LINEAR, RECENT/RECENT-DD, SIGMA1
and LEGEND [35]. For the data storage in the memory and their further use the dynamically
allocated tree of objects is organized. These objects have the standard types of ENDF-6
records (CONT, LIST, TAB1, TAB2, etc.). All types of reactions provided by the ENDF-6
format are taken into account in the neutron transport modeling: elastic scattering and
reactions with production of one neutron in the exit channel, absorption with production of
other type particles (with division on excited states of the residual nucleus), the fission with
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separate yields of prompt and delayed neutrons and residual nucleus simulation by MF=8
data, etc. The energies and angles of emitted particles are simulated according to the
distributions from MF=4, 5, 6, 12, 13, 14 and 15 files. The properties of residual nucleus are
defined too. Data reading and constants preparation procedure was written in the ANSI C
language to obtain the fast execution of data preprocessing and generation of secondary
particle parameters due to the neutron transport simulation.

Photonic processes

In the current version of the RTS&T code following photonic processes are
simulated:

1. Photoelectric effect from K, L/.m atomic shells (fluorescence x-ray yield and
tracking is simulated too);

2. Rayleigh scattering;
3. Compton scattering;
4. Pair production by photons;
5. Interactions of photons with nuclei.

Photonuclear reactions are simulated in giant dipole resonance, quasi-deuteron,
isobar production and high energy regions. Photoneutrons are generated isotropically and with
Maxwellian energy distribution in the photon energy range 10-40 MeV. The GDR parameters
of total photoneutron production cross section parameterization are taken into atlas by
Dietrich and Berman [36] or RIPL-recommended systematics. As an alternative, the
photonuclear part of EXFOR database (for selected isotopes only) can be used for partial
channel simulation. At E>40 MeV and up to 1.2 GeV the intranuclear cascade-exciton model
is used. The angular distribution of pre-equilibrium particles can be determined with the RIPL
recommended Kalbach systematic or Chadwick-Oblozinsky theory for pre-equilibrium
angular distributions, as implemented in the kalbach_systematics and losalamos_analitical
codes. A high-energy photo-fission of heavy elements is simulated too. To simulate the
photo-fission process two different approaches can be used: (a) using the approximation from
[37], (b) with cascade-exciton model of photonuclear reactions (at E>100 MeV).

The EPDL evaluated data library [38] of total cross sections for photon-interactions,
coherent and incoherent scattering form-factors are used in photon transport simulation for the
energy range from about 10 eV to 100 GeV.

Charged particles ionization processes

To simulate the ionization processes induced by the charged particles two different
models are provided: continuous energy losses model with 8-electron generation; continuous
energy losses model without 6-electron production and full fluctuations (below 8-electron
production threshold). The mean energy loss of the heavy charged particle can be described
by the Bethe-Bloch formula or formula from [39] or the restricted energy loss formula if the
incoming velocity is larger than the velocity of orbital electrons. In the low-energy region
where this approach is not valid, the parameterization [40] was used. The density effect
correction and shell correction terms in the stopping power formulas have been taken into
account. For calculation the mean or restricted energy loss of electrons and positrons formulae
[41] are used. Recently, the ICRU recommended data for collision stopping power for
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electrons, positrons, protons and alpha particles in composite materials was included in the
current code version. A multiple scattering of charged particles was simulated in the Moliere
approximation. The particle path correction due to the multiple Coulomb scattering and direct
pair production by charged hadrons at high energies is included in the calculations as well.

e± discrete bremsstrahlung process

The discrete bremsstrahlung photon energy is sampled from a Seltzer and Berger
[42] differential cross section for electron kinetic energy below 10 GeV and Bethe-Heitler
[43] cross section above this value. The angular distribution of the emitted photon is sampled
according to the facilitated form of the double differential cross section. The differences
between the radiative stopping power of positrons and electrons are taken into account. At
very high energies the Landau-Pomeranchuk-Migdal effect is taken into account too.

Discrete interactions ofmuons

The double differential cross section for the discrete bremsstrahlung process was
implemented in Ref. [44] using the formulae of Petrukhin and Shestakov [45] which were
obtained by a comprehensive treatment of atomic and nuclear form factors. The double
differential cross section for direct pair production was taken from [44]. The total cross
section parameterization and Monte Carlo sampling scheme to simulate the discrete
bremsstrahlung and direct pair production by muons was taken from [46]. To simulate the
nonelastic muon-nucleus interaction, two different approaches can be provided in RTS&T
code:

1) discrete process simulation (deep inelastic muon-hadron scattering) according
to Lohmann et al. approach;

2) to use a continuous energy loss from nuclear interactions contribution to
average energy loss of muon.

II. RTS&T Geometry Module

The RTS&T code has an effective geometry definition system provided with a
combinatorial method. Universal geometry module GEOMETRY basically was intended for
the performing of two functions:

1) detailed description of the spatial geometry and material composition of the
considered system;

2) localizations of the site of transported particle in this system.

In the framework of the combinatorial approach the geometry of any physical object
is extremely precisely described through definition of a set of geometrical regions, limited by
closed surfaces and filled by homogeneous material, and rules of their mutual arrangement.
The surface form of each region must correspond to one of the primitive shapes from a fixed
set.

Shape definition

The recursivial coordinate surface method is used in effective algorithms for analysis
whether the considered point is into the region limited by the given form of the surface. 30
primitive shapes are defined in the current code version; some of them are shown in Fig.l.
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Each of the shapes is characterized in size parameters and has an own local coordinate
system. The beginning of a local coordinate system serves a point of binding.

Hierarchical enclosure tree

The complex 3D geometry can be constructed with Boolean algebra operations on
the primitive shapes with arbitrary displacements and rotations. The considered object will be
broken into the set of regions, which can be enclosed but cannot be crossed. Let us consider a
system defined by a set of the geometrical regions {Sn}, n=l, 2,..., N. The region Sn) will be
enclosed in Sn2:_SnicSn2, if Sni is wholly in Sn2 and these regions do not coincide:
SnicSn2= r/V r: (reSni=> reSn2)A(3 r:(reSn2)A(rgSni)), where r=(x,y,z) -_point in a
cartesian coordinate system. Regions {Sn}, n=l, 2,..., N must not be crossed: 3 r: (r e Sn2)A(r
G Sni)=>(Sni c Sn2)v(Sn2cSni). We shall name the enclosed region Sni as a daughter in relation
to the mother region Sn2- Thus in addition, it is supposed, that the transitivity property is not
saved: if Sni is enclosed in Sn2, and Sn2 is enclosed in Sn3, Sni will not be considered to be
enclosed in Sn3, no less than Sn3 will not be mother in relation to Sni: SniCSn2cSn3=>SniCZSn3.
All geometrical regions are numbered in any order by numbers from 1 to N, where N is the
general number of regions, and the mother region number of each region is specified in an
explicit form. For the most external region, containing all others, the mother region number is
zero.

If it is necessary to consider some regions, to which object is divided, as one region,
these regions can be united and get a common number.

The positioning of the region in the space is defined by means of displacement and
rotation of its local coordinate system in relation to a coordinate system of the mother region.
Displacement and rotation of a coordinate system of the most external region are set in
relation to some global coordinate system. The optimization algorithms are used for
hierarchical enclosure tree analysis.

A set of service routines was created for automatic forming of geometry input files
for often used configurations, such as a standard WWER-440 core cell shown in Fig. 2. The
geometry of a WWER-440 core cell is considered as a set of 506 regions, two of which are
hexagonal prisms and others are cylinders. The regions, which present covers, air clearances
and central channels of fuel elements, can be united.

III. RTS&T-CAD-interface

The problem of a visual presentation of the investigated object's geometry was
solved with transformation of the RTS&T input data format to the ASCII DXF® (Drawing
Interchange) format, designed by the Autodesk company as a standard for exchange by
graphic information between AutoCAD® and other applications. The format transformation is
performed using a set of special routines forming DXF-images of each shape. Thus the
powerful capabilities of CAD-systems make not only possible the visualization of three-
dimensional objects with an arbitrary rotation in the screen space and with hidden lines
removed from the drawing but they are also preparing the designer documentation.
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RTS&T output files in DXF format will be used for visualization of 3D geometry
and material composition of the considered system (Fig. 2) and also for showing particle
trajectories and output functionals.
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Fig. 2. Example of geometry input.
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