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Abstract.

The understanding of neutron transport by Monte-Carlo simulations led to major advancements towards precise interpreta-
tion of measurements. URANOS (Ultra Rapid Neutron-Only Simulation) is a free software package, which has been developed
in the last years in a cooperation of Particle Physics and Environmental Sciences, specifically for the purposes of cosmic-ray
neutron sensing (CRNS). Its versatile user interface and input/output scheme tailored for CRNS applications offers hydrologists
a straightforward access to model individual scenarios and to directly perform advanced neutron transport calculations. The
geometry can be modeled layerwise, whereas in each layer a voxel geometry is extruded using a two-dimensional map from
pixel images representing predefined materials and allowing to construct objects on the basis of pixel graphics without a 3D
editor. It furthermore features predefined cosmic-ray neutron spectra and detector configurations and allows also a replication
of important site characteristics of study areas - from a small pond to the catchment scale. The simulation thereby gives pre-
cise answers to questions like: From which location do neutrons originate? How do they propagate to the sensor? What is the
neutron response to certain environmental changes? In recent years, URANOS has been successfully employed by a number
of studies, for example, to calculate the cosmic-ray neutron footprint, signals in complex geometries like mobile applications

on roads, urban environments and snow patterns.

1 Introduction

The physical processes of neutron transport depend on the atomic composition of materials, the individual neutron energy,
and act across many orders of spatial scales. It is therefore not feasible to find generalized, analytical solutions under realistic
conditions. Statistical and computational approaches are the only way to take all relevant physical interactions into account.
In so-called Monte Carlo codes millions of particles can be summoned with randomly sampled initial conditions. Their paths
can be tracked and their interactions with nuclei obey the laws of physics. Finally, the summary statistics of those neutrons can
reveal insights into their collective behavior. In the last decades, the Monte-Carlo code MCNP6 (Goorley et al., 2012) and its
predecessor MCNPX (Waters et al., 2007) were often consulted to study the behavior of neutrons near the surface (Desilets
et al., 2006; Zreda et al., 2008; Franz et al., 2013; Zreda et al., 2012; Zweck et al., 2013; Desilets and Zreda, 2013; Andreasen

et al., 2016). The conventional model accounts for all kinds of particles and various interactions, decreasing the computational
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efficiency and resulting in complex model structures (and interfaces). Such hamper a flexible use and are particularly difficult
for new users to access. As an alternative for the growing user community of Cosmic-Ray Neutron Sensing, we developed
the Monte Carlo code URANOS (Ultra Rapid Adaptable Neutron-Only Simulation) which was specifically tailored to address
open and recurring questions of the CRNS community (Kohli et al., 2015; Schron et al., 2017; Schron et al., 2018; Kohli et al.,
2018b; Li et al., 2019; Schattan et al., 2019; Weimar et al., 2020; Kohli et al., 2021; Badiee et al., 2021; Jakobi et al., 2021;
Francke et al., 2021). As the model has evolved, it has been proven to be useful for neutron spin echo detectors as in other
research fields as well (Kohli et al., 2016, 2018a; Kohli and Schmoldt, 2022). URANOS is computationally very efficient as
it only accounts for the most relevant neutron interaction processes, namely elastic collisions, inelastic collisions, absorption,
and evaporation.

The main model features are: (1) tracking of particle histories from creation to detection, (2) detector representation as layers
or geometric shapes, (3) voxel-based model extrusion and material setup based on color codes in ASCII matrices or bitmap
images.

URANOS is designed as a Monte-Carlo tool which exclusively simulates contributions in an environment of neutron inter-
actions. The standard calculation routine features a ray-casting algorithm for single neutron propagation and a voxel engine.
The physics model follows the routines declared by the ENDF database standard and descriptions of implementations by
OpenMC (Romano and Forget, 2013). It features the treatment of elastic collisions in the thermal and epithermal regime, as
well as inelastic collisions, absorption and emission processes such as evaporation, the delayed emission of MeV neutrons
from excited nuclei. Cross sections, energy distributions and angular distributions were taken from the databases ENDF/B-
VII.1 (Chadwick et al., 2011), ENDF/B-VIIL.O (Brown et al., 2018) and JENDL/HE-2007 (Shibata et al., 2011). The entire
software is developed in C++ and linked against CERN’s analysis toolbox ROOT (Brun and Rademakers, 1997), whereas the
GUI uses the QT cross-platform framework.

The graphical user interface offers features specifically tailored to the needs of the field of Cosmic-Ray Neutron Sensing.
This novel method retrieves subsurface soil moisture by measuring flux of cosmic-ray induced neutrons that scatter at the soil
interface. With typical footprint ranges of hundreds of meters for stationary and beyond one kilometer for mobile sensors, it

specifically addresses research questions in complex environments.
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1.1 Neutron Monte Carlo Codes

The Monte Carlo (N. Metropolis, 1949) method is a brute-force calculation technique, which is used for complex problems
consisting of well-de ned and/or independent sub-tasks. It solves a problem by repeated random sampling from a set of initial
conditions and interactions.

MCNP (MonteCarlo N-Particle) was developed as a general purpose software to treat neutrons, photons, electrons and the
coupled transport thereof, excluding magnetic eld effects. Versions until MCNP4 (Briesmeister et al., 2000) were written in
FORTRAN 77 (Sun Programmers Group, 1995a), which until the mid-90s was considered the standard in scienti c computing.
MCNP4 is capable of simulating neutrons up to 20 MeV, which is the maximum of most of the cross sections available in the
evaluated data bases. With version 5 (X-5 Monte Carlo Team, 2003) the development was forked to the MCNPX (Waters et al.,
2007)(MCNP &tendend) branch, which converted the code to Fortran 90 (Sun Programmers Group, 1995b) and included the
LAHET (Prael and Lichtenstein, 1989) framework. This revision especially introduced the extension of the energy range for
many isotopes up to 150 MeV and some to several GeV by using the Cascade-Exciton Model (CEM) (Gudima et al., 1983)
and the Los Alamos Quark-Gluon String Model (LAQGSM) (Gudima et al., 2001). It can also treat (heavy) ion transport for
charged particles with energies larger than 1 MeV/nucleon by tabulated interaction ranges. The actual version 6 (Goorley et al.,
2012) merged the X-branch into the main development branch. It provides an optional cosmic-ray source (McKinney et al.,
2012) which can be used to produce a cosmic neutron spectrum (McKinney, 2013).

A more recent general purpose tool is PHITS (Ilwase et al., 20&}i¢le andHeavylon Transport cod&ystem), as ex-
tension of the high energy particle transport code NMTC/JAM (Niita et al., 2001), which, besides the features mentioned above,
also supports charged particles in magnetic elds/ak calculations in th€ontinuousSlowing-Down Approximation (Nelms,

1956) (CSDA) and intra-nuclear cascade (JAM) (Niita, 2002t AA Microscopic Transport) models up to 1 TeV. PHITS is
typically linked against the JENDL data bases, consisting of les evaluated by CCONE (lwamoto et al., 2016), which is a more
sophisticated model compared to INCL (Boudard et al., 2013) and JAM. It comes along with many adjustable parameters for
each nucleus, which often leads to a better accuracy compared to other physics models. One of the recent follow-up develop-
ments is PARMA (Sato et al., 2008pKITS-basedAnalytical RadiationM odel in theAtmosphere). It calculates the spectra

of leptons and hadrons providing effective models for uxes of particles of different species, especially with the aim of dose
estimations.

The FLUKA (Battistoni et al., 2015KLU ktuierendeK A skade) code is mostly oriented towards charged hadronic transport
and nuclear and particle physics experiments. For neutron calculations, the full spectrum is divided into 260 energy groups.
FLUKA is not directly linked against an evaluated data base, but they operate on their own set of reprocessed and simpli ed
mean values. Especially for neutrons and geometrical representations, it contains reimplementations from the MORSE (Em-
mett, 1975) neutron and gamma-ray transport code.

GEANT4 (S. Agostinelli, et al., 2003} 3EometryANd Tracking) can be regarded as FLUKA's successor, based on multi-
threaded @+ code and OpenGL visualizations. It is designed speci cally for the needs of high-energy and accelerator physics.
GEANT4 especially excels in describing complex geometries. Since 2011, also driven by requests from the European Spalla-
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tion Source (Peggs et al., 2013), an increasing number of low-energy neutron calculation features were introduced. Meanwhile
the software has advanced to a level where there is a good agreement with other codes like MCNP for fast neutrons (Solovyev
et al., 2015) as well as slow neutrons (van der Ende et al., 2016), including Cosmic-Ray Neutron studies (Liu et al., 2021).

1.2 Why another code?

The choice for creating an own independently operating Monte-Carlo-based program apart from the mentioned codes was
based on evaluating the speci ¢ demands of understanding the physics of neutron detectors. The key ideas are:

— Most of the existing codes are not publicly available and fall under the export control law for nuclear related technology
- whereas the underlying data bases are free of access. High precision detector development or environmental science

are not use cases which is envisaged by the authorities.

— Most of the existing codes were developed in the 1970s or 1980s. Written in the procedural programming language
Fortran, which has been proven useful in the ages of limited execution orders and memory, these tools nowadays suffer
the drawback of requiring sophisticated and time-consuming code tuning. In the best case they received wrappers in C,
rarely in C++. Today, facing multi-threading, distributed network services and distributed memory in abundance, the

changes of computing technology also have a strong impact on the code design and coding strategies.

— Meanwhile complex mathematical operations are readily available from standard packages like the GSL (Galassi et al.,
2016) GNU Scienti ¢ Library) and frameworks such as ROOT (Brun and Rademakers, 1997).

— The majority of codes focuses on the evaluation of radiation sources, including gamma emissions. For example, signal
generation in a boron-based hybrid detector requires two additional steps of charged particle transport mechanisms -
within the conversion layer itself and subsequently in the gas. In the most cases it is not possible to integrate such a
calculation path directly, but it would have to be added on top of the simulation. Furthermore, typical codes expect for
the geometry objects of roughly equal size - boron layers having an aspect rati® did@o the low thickness are

computationally dif cult to model.

— All available codes propagate a take-off amount of neutrons in time as in typical applications like criticality calculations
the neutrons themselves change the state of the environment, for example by generating a signi cant amount of heat.
Therefore, the whole ensemble has to be propagated in time, especially until an equilibrium state is reached. Due to
limited computing resources this required simpli cations like the multigroup method.

— The multigroup method is a technigue, which allows signi cant improvement of the calculation speed by not treating
every neutron track individually but assigning an effective weight to propagating particle. This weight gets increased for
production processes and reduced, if a neutron is absorbed or loses enough energy to drop out of a speci ¢ interval. The
method is derived from solving Fermi age diffusion equations (Hébert, 2010) and is applied in many codes. However, it
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requires many interactions to generate enough randomness and thus it leads to a signi cant bias in situations when neu-
tron will likely undergo only 1-2 collisions. For the study of background contributions in detectors or albedo neutrons,
such a systematic error should be avoided.

— Restricting the calculation to neutrons and ignoring other nuclear reactions has been proven useful to increase com-
putational speed in programs dedicated to neutron instrumentation and their representation in virtual experiments, like
McStas (Lefmann and Nielsen, 1999), VITESS (Wechsler et al., 2000) and RESTRAX (Saroun and Kulda, 1997).

The only software package which does not suffer from the mentioned drawbacks was GEANT4. Yet when the work on URA-
NOS started in 2014, the GEANT4 code did not at all feature any accurate low energy neutron calculation. Materials in
GEANT4 are usually described under a free gas assumption with unbound cross sections with no information about interatomic
chemical bindings. This especially comes into play when treating hydrogen collisions - GEANT4 though can be coupled to the
constantly developed models for evaluating the JEFF-3.X (Koning et al., 2011) ACE formatted thermal scattering law les. For
scattering in crystal structures meanwhile the NXSG4 extension (Kittelmann and Boin, 2015) has been released, which reducec
the amount of relevant physics necessary to be integrated. Still, the computational speed of GEANT4 in typical scenarios is
signi cantly lower than those of other codes. In conclusion it has been decided to focus on a design from scratch in a modular,
object oriented language.

2 Calculation routines
2.1 Sampling

The Monte Carlo approach is a stochastic method, in which properties of generated neutrons are randomly chosen from a
prede ned probability distribution. Examples for sampled neutron transport properties are: (a) the path, lssgtbled from

the probability of an interaction on a distanceid a homogeneous material of cross sectionsing the random variable

I = In(r)=, or (b) the thermal neutron velocity distribution.

2.2 Random number generation

The pseudo-random number generdiBandom3uses the Mersenne-Twister algorithm MT 19937 (Matsumoto and Nishimura,
1998) based on the Mersenne prime number 19937. It has a very long pefed2df%3’ 1 4:3 10°%%, low correlation

between subsequent numbers (k-distributed for the output sequence) and is relatively fast, as it generates the output sequent
of 624 32 bit integers at oncellRandom3takes approximately 10 ns for each random number on a modern architecture CPU

(< 5 years). The generator is seeded at the initialization of the program by the system time in milliseconds. This timestamp is

taken as the rst integer of the seed sequence, the remaining 623 numbers are generated by the multipliers from Knuth (1997).
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2.3 Sampling free path length

The probabilityp of an interaction along a distand& in a homogeneous material can be described as

dp= dx @

with the macroscopic cross sectiog, which in general is energy dependent. Solutions of this type of differential equation are
exponential functions. For the non-interaction probability one therefore can write

p(x)=exp( x ¢): @

The probability distribution function for the distance to the next collision (2) assuming conditional probabilities transforms to
p(x)dx = (exp( x ()dx: (3)

The free path lengthis obtained by the cumulative probability distribution function of (3) by

Z Z
p(x)dx = rexp( x )dx=1 exp( )= P(): 4)

0 0

In order to retrieve a path length, (4) can be sampled using the inversion method. This means, that the normalized cumulative

function is set equal to a random numbeon a unit interval:

In(1 I

@), Q).

t t

E (5)

As is uniformly distributed if0; 1) the same holds true fdr , justifying the latter transformation.

It is assumed in (5) that the material is homogeneous and the cross section along with the kinetic energy stay constant. In
case of an inhomogeneous material it is possible that the integral cannot be resolved in a closed form. The solution is to split
the domain into entities of homogeneous materials and only evaluate the path to the respective border. This procedure is equa
to the prerequisite already stated in (3), that the probability at any paloes not depend on the individual path history.

2.4 Sampling thermal velocity distributions

Scattering thermal processes require sampling a Maxwell-Boltzmann velocity distribution and the relative velocities of neutrons
with respect to the target isotope. This also has an in uence on the cross section and therefore on the interaction probability.
An algorithm has to be applied which preserves the thermally-averaged reaction rate, i.e. taking into account the Doppler
effect on the cross section evaluation. Such has been introduced by Gelbard (1979), whereas this modi ed version follows the
implementation by Romano and Forget (2013) and Walsh et al. (2014). By using the effect of thermal motion on the interaction

probability
Z
VviT) = v (v (V)av; (6)
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one has to conserve the reaction rate, the integrand of (6),
R(V)= kv Vk (kv VKD (V) @)
whereasf ,f,,l) (V) denotes the velocity distribution for target nuclei of temperafiyevelocity V and magnitude of veloc-

ity V. The center-of-mass (CM) system of the collision of a neutron with velocitpoves atv, = kv, k= kv Vk=
p

vZ+ V2  2vyV cos#. Such a probability function can be constructed by

RV)AV

De ning the denominator of (8) as the normalization fadtband
r
m
- 2ksT ©

as well as = cos# one obtains
p(V; )dvd = (10)
%%p v2+V2 2wV 3vZexp  2V? dvd:
In order to obtain a sampling scheme one can divide (10) into two parts such that

p(V; )= au(V; ) (V) (11)

4 (vp) P vZ+ V2 2yV

gl(V?):Pﬁ Ry,

®(V)=(v+V) VZexp  2VZ:

Here the reason for dividing and multiplying (10) k- V is thatg; is bounded. Akv V k can take on arbitrarily large
values, dividing by the sum of the speeds as the maximum value ensures it to be bounded. In general a probability distribution

functionq(x) = g1(x)g2(x) can sampled by sampling from a normalized distributiog(x)

x)dx = EM 12
qegdx = K5 (12)
and accepting it with a probability of

_ o a(xy
paccept— 7ma){gl(x)] , (13)

with g; (x) bounded. In order to determiggV ) it is necessary to integratp into (11)

2
dV(v+ V) V2exp  2V2 = 4i P~ +2 . (14)
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leading to sampling the probability distribution function

4 4yv? 4 4y3 2,2 .
q(v)dv = =, +2+ =13 exp AV (15)

By substitutingk = V , likewisedx = dV, andy = v leads nally to

p_
4
q(x)dx = 9?7312 p—=x%exp x2 (16)
#
927 23exp x? dx
y +2 '

The terms outside the parentheses are normalized probability distribution functions which allow to be sampled directly and the
expressions inside the parentheses are always

The thermal neutron scattering sampling scheme therefore is the following:

A random number; is sampled fronj0; 1) and if

2
1< pﬁ; (7)

the function2x®exp x? is sampled, otherwise the functida® X 2exp X2 . The retrievec gives the value foW by

dividing by . The decision to accept this velocity is based on (13). The cosine of the angle can be sampled by another random
number ; in [0; 1] by

=2 2 1 (18)

and as the maximum @f; is 4 (vr):p “C %another sampling random numbercan be used to accept speed and angle by

p
vZ+ V2 2wV
v+ V

3< (19)

If this condition is not met, speed and cosine of the angle have to be resampled.

2.5 Nuclear data

Experimental and theoretical results on neutron-nuclear interactions and their subsequent products are collected in libraries
The main data base is the Experimental Nuclear Reaction Data Library (EXFOR) (Otuka et al., 2014), which stores most
of the accepted published results. Results of neutron interaction measurements are sometimes contradictory and often nc
comprehensive, therefore so-called evaluated data bases have been created. They are the result of literature assessment ¢
intercomparison of different results yielding standardized values. The data bases which are used for this work are the United
States Evaluated Nuclear Data File (ENDF/B) and the Japanese Evaluated Nuclear Data Library (JENDL). Especially the high
energy branch JENDL-HE provided the largest neutron interaction data set relevant for environmental studies. The ENDF
format uses the 'MT numbers' to identify neutron reaction types and 'MF numbers' to classify the data type of the respective
le set. (Trkov et al., 2012).
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3 Model Design

The design of URANOS was motivated by the following general aspects:

— The geometry is represented in a three-dimensional coordinate space with dimensions from the centimeter to the kilo-
meter scale.

— In typical model runs the number of neutrons can easily rea@lwitt only one in a million neutron contributing to an
observable. For this reason ensemble statistics would not be applicable. Such require a very large number of particles to

derive laws without necessarily taking into account each individual state vector.
— The relevant interactions are typically not deterministic but of statistical (random) nature.

— Important parameters like cross sections cannot be derived analytically but have to be extracted from tabulated data
bases.

— Often neutron interactions can be reduced to a subset of relevant interactions (among them absorption, elastic and in-
elastic scattering as well as evaporation), predominately of not more than two different types.

— Most particles other than neutrons are typically not contributing. URANOS, however, is still capable of modeling con-

secutive conversion ions necessary for signal generation.

— For the creation and propagation of high-energy neutrons within particles cascades effective models can be applied.
3.1 Geometrical layer concept

One speci c feature of URANOS is its layer geometry, which takes advantage of the lateral symmetry of typical modeling
problems, may it be an air-ground interface or the buildup of a neutron detector. The concept is presented in Fig. 1. While
along the horizontal and vertical axes the geometric scales vary signi cantly, the mean free path lengths in both directions
are comparable with respect to the spatial extension. For example the absorption probability for a neutron in a 500 nm Im
of boron might be around 3 %, the scattering probability in a polymer foil of 100 times the thickness is approximately the
same number and in an air volume 100 times larger it may b .0This also means that these signi cant differences in the
spatial dimensions are a challenge in terms of de ning the geometries for simulation. The solution of URANOS is using layers.
This allows to easily build a geometry of homogeneous materials with the main parameter being position and height of such a
layer. Each layer furthermore can be sub-structured by two-dimensional matrices into voxels. Applying periodic or re ecting
boundary conditions to the domain can improve the statistics or reduce the effort for building the simulation model.

3.2 Ray casting

In contrast to other Monte Carlo models focusing on fuel calculations, URANOS uses the method of ray casting in order
to keep track of the particles. This improves the accuracy in cases where only a speci ¢ subset of conditions will meet the
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Figure 1. Two-dimensional representation of the 3D model setup (not to scale) and processes. Neutrons are generated in a source layer (blacl
lled circle ) following a source spectrum that resembles the energy distribution of particles propagated through the air column above. High-
energy neutrons create fast neutrons by nuclear evaporation in the soil (gray lled circle <). They further scatter within (red emp}y circle

or through the material layers (blue empty circleuntil they eventually reach the detector layer (gray empty cirglehich absorbs the

neutrons depending on the chosen detector response function. While the soil is modeled as a combination of silicate, air, and water, various
other components of the environment can be modeled with the available material and density options.

criteria for scoring. Ray casting follows tracks from the source to the point of detection, contrary to ray tracing, which follows
tracks backwards from the point of detection, but requires mostly deterministic interactions. The ray-casting technique (Roth,
1982) refers to conducting a series of ray-surface intersection tests in order to determine the rst object crossed by tracks
from a source. These intersections are either de ned by analytical surfaces, like the layer structure, or computed from extruded
voxels, which do not at all consist of surfaces. Similar types of geometry de nitions with mixed volume and surface data were
for example used in early computer games when no powerful hardware acceleration was available and nowadays for X-ray
tomography image reconstruction in material research (Maire and Withers, 2013), geociences (Chudde and Boone, 2013) anc
especially medical imaging (Goldman, 2007). The method of ray casting also allows to only record and store the variables
necessary for each run. The neutron is propagated forward in time through the domain and ags are used as boolean operator
for each possible output. If for example the recording observable is the ux density above the surface not the whole track but
only the tracklet within the layer above the ground is kept in the memory.

10



4 Computational structure

The basic concept of URANOS relies on looping over a set of neutrons, which features initial conditions, prede ned or ran-
domized, and consecutively on loop tracking of the path of each neutron through the geometry. Both entities are referred to as
270 ‘'stacks'. In each step the geometrical boundaries are determined and handed over to the physics computation unit. For speci ¢
cases actual variables of the neutron or its track history are recorded emulating a real or a virtual detector. This process is callec
'scoring'. It can be invoked when passing a speci ¢ volume or the track is terminated. A track is de ned as the shortest path
between two points of interaction. As will be seen later, it can be cut by layer or material boundaries, which dissects it into
tracklets. The work ow shown in Fig. 2 illustrates the entire simulation process, which will be described in the following.

Figure 2. Internal work ow of URANOS. Each calculation step is represented by a block describing the structural function in orange and

the corresponding physics variables.

11
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4.1 Startup

Before the main calculation routine three steps are carried out:

— Assigning memory to objects, which will be used throughout the calculation, by creating empty containers. These are at
least 50 one- and two-dimensional root histograms.

— Reading the con guration les, creating the geometry and, if available, reading the voxel extrusion matrices.
— Reading the necessary tables from the ENDF library and loading them into the system memory.

The con guration is splitinto two les, one containing the basic settings for URANOS, like the number of neutrons to calcu-
late and furthermore import and export folders for the data, and one containing information how to geometrically structure the
layers, see here also the next sec. 4.2. Cross sections and angular distributions are read from tabulated ENDF les, exemplarily
shown in Fig. 3, grouped into absorption, elastic and inelastic scattering. Tab. 1 shows exemplarily the selected cross sections
to be loaded fotH, 1°B and'®0, whereas the full list of available isotopes can be found in appendix A. Only MT numbers

Table 1. Example cross sections according to the ENDF standard..

Elastic Inelastic Absorption

IH MT=2 n/A MT=5, 102, 208-210
g MT=2 MT=51-54 MT=107
0 MT=2 MT=51-70 MT=5, 102, 103, 107, 208-210

with signi cant contributions are taken into account, which translates to omitting processes with overall less théndf@he

total cross section. Furthermore, the cross section tables are compressed before loaded into the memory. Except for hydroget
the algorithm skips every consecutive value with a relative difference of less than 1% to its non-skipped predecessor. This
removes 0 % (rare elements) to 98 % (iron) of data, which saves a signi cant amount of iteration steps of determining the cross
section. The smallest error listed on cross sections can be found for elastic scattering of hydrogen with 0.3 %, other isotopes
exhibit standard deviations of 1% and larger, which justi es the compression method. For calculating the total macroscopic

cross section the individual contributions of elastftand inelastic ™ scattering as well as absorptio are summed up
(= ay e,y in; (20)

whereas for 'inelastic' cross sections only the main contributors are summed up, see Tab. Al, and 'absorption' itself is under-
stood as a sum of MT numbers stated in Tab. 1, which can either lead to capture without consecutive particles or the creation

of new neutrons by for example evaporation or charged particle ejection by converters.

12



Figure 3. Examples of cross sections for the light isotopes hydrogen, an ef cient moderator, boron as an ef cient absorber and silicon, which
can be considered to be nearly transparent, from the ENDF library from thermal energies ranging to several MeV.

4.2 Geometry

URANOS uses analytical geometry de nitions and voxels as introduced in sec. 3. The following top-down structure is applied

for describing the simulation environment:
geometry! layer! voxelmesh! material! isotope

Each layer of the stack is either entirely composed of a material or subdivided into several sections using a two-dimensional

matrix from which voxels are extruded. The entities are lled with prede ned "materials’. A material is a speci ¢ composition
300 of isotopes with atomic weight and density. Tab. 2 provides an example of such a de nition, whereas all materials available

in URANOS can be found in appendix B. Most compounds are taken from McConn Jr et al. (2011). The voxel mesh is

automatically loaded and generated if a le with a nhame corresponding to a layer number is found. It can be either a tab-

separated ASCII matrix of equal row and column rank or a quadratic portable network graphics (PNG) image. The integer

valuesw or grayscale values denote the material numbers which primarily override the global layer de nition. Typically solids
305 are directly extruded from these values, yet there are four further declaration modes:

13
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Table 2. Example composition of the material 'dry air' and a neutron converter.

Material Density Composition

Air 1.2kg/nm® NTP 78 %' N, 21%°0,, 1%*°Ar
Boron 2.46 g/c 80.1%"B, 19.9%B

— the material is soil and/ de nes the amount of water in volume percent,
— the material is soil and/ de nes the porosity,
— the material is de ned globally by the layer or by voxels amdcales the density,

— the material is de ned globally by the layex, scales the height of this material and the remaining volume extended to
the full layer height is lled with air to represent the remaining soil porosity.

The layers can be stacked on top of each other with individual de nitions to realize complex geometries. Fig. 4 provides
examples to illustrate the scope of applications and the scales which can be targeted. The images of one single layer act hereb
as a sectional view. Especially landscapes can be modeled using the last declaration mode, an example is provided in Fig. 4
The geometry of each layer is simply de ned by an array of eight elements:

g =[x lowerbound;x upperbound; (21)
y lowerbound;y upperbound;

upper z position; height; material; layernumber];

whereas the lateral lower and upper bounds are de ned globally and the layer number acts as an additional identi er to create
subgroups within the stack. Furthermore, the forward and backward propagation direction are de ned according to if the layer
number along the path increases or decreases, respectively.

Neutron tracksS are described by a mixed geometry de nition of support vecxoins Cartesian coordinates and spherical

direction vectors :
01

01
X=%y§ and rzg;g; (22)
z

denoting the three spatial coordinatey;z and the angle#; with the range . The choice for this system is due to the fact
that this characterization provides direct access to the necessary observables. Examples are point sources which are random

distributed in both angles or detector planes for which the beam inclination is an important parameter considering sensitivity.

14






