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ABSTRACT

In this work the latest developments a Monte Carlo simulator with continuous energy is reported. This simulator
makes use of a sum of three probability distributions to represent the neutron spectrum. Two distributions have
known shape, but have varying population of neutrons in time, and these are the fission neutron spectrum and
the Maxwell-Boltzmann distribution. The third distribution has an a priori unknown and possibly variable
shape with time and is determined from parametrizations of Monte Carlo simulation. In this work the possible
neutron-matter interactions are simulated with exception of the up-scattering of neutrons. In order to preserve
the thermal spectrum, neutrons are selected stochastically as being part of the thermal population and have an
energy attributed to them taken from a Maxwellian distribution, such an approximation is valid due to the fact
that for fast neutrons up-scattering occurrence is irrelevant, being only appreciable at low energies. It is then
shown how this procedure can emulate the up-scattering effect by the increase in the kinetic energy of the neu-
tron population. Since the simulator uses tags to identify the reactions it is possible not only to plot the distribu-
tions by neutron energy, but also by the type of interaction with matter and with the identification of the target

nuclei involved in the process.
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Neutron transport is relevant in a variety of applications as for instance industrial applications, such
as structural examinations, in nuclear medicine with diagnostic and therapeutic procedures, or radia-
tion protection and last not least nuclear energy production. Neutron propagation description is still
a challenge, since there does not exist a continuous energy deposit formula as for instance ionizing
particles. Moreover, between nuclear interactions, the neutron may be considered a free particle,
which is also manifest in the small cross sections when compared to interaction that involve elec-
tromagnetic interactions. Hence, the present contribution is a part in a larger project, where in the
long term we intend to provide an alternative program package for neutron transport and interac-
tions for the GEANT platform [1], which, currently, utilizes the MORSE [2] code for neutron
transport. In this context, the present work reports on the development of a Monte Carlo simulator
for neutron propagation and associated nuclear reactions either for transient or stationary problems
and considering genuine continuous energy dependence by cross section function calls. This feature
was the novelty of the first step of the development [3], which was optimized and extended by new
modules, more specifically the consequences of up-scattering were included. This extension allows
to simulate thermal aspects of the nuclear reactions by neutrons. In the further, we line out the struc-
ture of the program and exemplify its use simulating a simplified scenario of a nuclear reactor core
with full three dimensional space and time dependencies. Thus far, results are shown for a
standalone version, with only the essential reactions implemented. Nevertheless, the tracking and
interactions of neutrons, as well as the tagging capabilities, follow the GEANT’s paradigm.

In the forthcoming discussion we present the state of developments of the simulator, which is based
on a first approach documented in [3]. This program presents a novel procedure in which cross sec-
tions are obtained by continuous parametrizations in the range between 0MeV and 20MeV, including
resolved and unresolved resonances, and with a maximum deviation of the order of ~ 1% from the
data set ENDF [4]. Once, sectionally analytical parametrization are elaborated, the energy depend-
ent cross section is calculated by a simple function call instead of accessing data bases by extrapo-
lating between registered values. This procedure executes more efficiently than other models with
respect to computational time that are found in the literature (GEANT [1], Serpent [5], MCBEND
[6], MCNP [7], OpenMC [8], KENO [9], TRIPOLI [10]), where the cross sections are determined

from interpolation of cross section from data bases.
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While the preliminary version [3] only considered down-scattering, an extension including also up-
scattering effects in the thermal region are implemented. The spectral neutron population balance in
the thermal region is implemented by a statistical treatment with three partially intersecting distribu-
tions and their mutual connection by kinetics. A detailed discussion of the implementation and vali-
dation against an analytical model are shown by the authors in reference [11]. Two of these distri-
butions are the fission distribution, for high neutron energies, and the Maxwell-Boltzmann distribu-
tion, for thermal neutron energies. Both distributions have fixed shape, but the population of neu-
trons in each of them typically changes with time. The third distribution is an intermediate one,
which has, an a priori, unknown shape and population. The Maxwell-Boltzmann distribution is the
one where up-scattering effects are considered, and all distributions are continuous over the whole

range of energy present in the simulation.

2. PROGRAM DESCRIPTION

The program simulates each neutron history individually and thus allows for trivial parallelization.
At the end of the simulation the whole ensemble of neutrons can be accessed in order to compute
and visualize the data. The program runs the simulation for a given number of Monte Carlo steps,
with a given initial neutron population. Both the Monte Carlo steps and the initial neutron
population are tallied by the use of an optimized RAM usage. For the purposes of this work the
initial population was of 10° neutrons and the number of Monte Carlo steps was of 2500. All initial
neutrons are members of the fission population.

It is noteworthy that all the seven parameters that are present in the Boltzmann transport equation
are considered, where the path of free propagation is selected stochastically, and ends at a vertex
with one of the implemented interactions. A comment is in order here, the tracking and the
interaction scheme was optimized in the sense that each Monte Carlo step has an interaction, which
increases computational efficiency, but at the cost of loosing a unique relation between Monte Carlo
step and corresponding time interval. Thus, a Monte Carlo step may be related only to a time

interval distribution, that may be constructed from the tallies.
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The program has, so far, only a handful of the most important cross sections implemented. These
are presented in Table 1.

Table 1: Implemented nuclides and reactions.

Implemented nuclides Implemented reactions
H Elastic scattering
60 Radiative capture
235y Fission
238U

To date delayed neutrons are not implemented yet. All neutrons emitted by fission have their
energies sampled from the Watt distribution, given by Equation (1). Their direction of emittance is
also isotropically distributed, and the number of neutrons emitted by fission is taken from a

Bernoulli distribution between 2 and 3 with mean of 2.48.

¥(E) = 0.453¢~1036MeV  Egippy (w/2.29MeV‘1E) (1)

Differently from other neutron transport codes, the present one has one interaction per Monte Carlo
Step that occurs at the end of the trajectory segment. The position of a reaction depends on the
kinetic energy of the neutron, its position at the beginning of the step, the direction of movement
and the total macroscopic cross sections respecting the chemical composition of the reactor core
material along the trajectory. The final position of the track is determined by a stochastic selection
for the length of the traveled path from an exponential distribution with mean equal to the mean free
path. Once the new position is determined, a test if the neutron remains inside or escapes to the
outside of the domain decides whether tallying continues or ends.

After the selection of the position of interaction the interaction itself is chosen. This procedure first
selects the molecule of the interacting nuclide by the ratio of the total macroscopic cross section of
the molecule to the total macroscopic cross section of the mixture. Subsequently the nuclide of
interaction is chosen by the same procedure, this time considering the ratio of each nuclide total



Chaves Barcellos, et. Al. ® Braz. J. Rad. Sci. @ 2021 5

macroscopic cross section to the one of the molecule. Lastly the type of reaction is chosen by the
ratio of each of the nuclide's possible reaction macroscopic cross sections to the nuclide's total
macroscopic cross section.

In case of scattering, a new energy and a new direction in agreement with energy and momentum
conservation is given to the neutron. A simplification of the program is that it considers the
scattering as isotropic in the center of mass system. Strictly speaking, scattering is isotropic for low
kinetic energies and small nuclei, however, as the collision energies become higher and/or target
nuclei become larger, anisotropy increases. The scattering module of the simulator may be extended
in order to take into account anisotropic scattering, simply by exchanging the angular probability
distribution in the module, without affecting the structure or the other modules of the program.

The previous version of the simulator as reported in [3] considered down-scattering only. However,
the closer neutrons approach thermal energies up-scattering becomes non negligible, due to the
thermal motion of the target nuclei which is no longer vanishingly small in comparison to the
neutron's kinetic energy.

Nevertheless, as soon as neutrons may be classified as thermal they are in equilibrium with the
environment which allows to simplify the tracking and interaction procedure. Equilibrium implies
conservation of the respective energy distribution, which from the microscopic point of view means
that neutrons in the average gain as much kinetic energy in collisions as they loose, so that the only
relevant stochastic quantity that shall be determined is the reaction rate.

The procedure to determine whether a neutron belongs thermal distribution relies on a random
number between 0 and 1 which is compared to the Maxwell-Boltzmann cumulative distribution. For
a number larger than the cumulative distribution the neutron is considered thermal. Since, in the
thermal region the energy distribution in the average does not change, at an interaction these
neutrons get assigned a new energy, sampled from the Maxwell-Boltzmann probability distribution.
According to [12], for large well-moderated reactors with homogeneous temperature, the Maxwell-
Boltzmann distribution can be a good approximation for the thermal neutron spectrum. This,
however, is not the case for heterogeneous reactors with large temperature gradients, in which a
more detailed treatment is required.

In the present work, which is to show how the simulator works at its present state, a rather

simplified reactor core geometry was considered. More specifically, a cube with edges of
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dimensions 400cm x 400cm x 400cm, which contains a homogeneous mixture of water and

uranium dioxide, enriched to 0.73% and the latter occupies 25% of the volume.

3. RESULTS

The total neutron population and the population of each of the aforementioned distributions per
Monte Carlo step is presented Figure 1. It is possible to perceive that, excluding a few initial steps
in which the bias of starting the simulation with purely fission neutrons, the reactor assumes a

recurrent regime near a critical state.

Figure 1: Neutron population.
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It is noteworthy that the ratio between the population of each distribution is almost constant. As can

be seen in Figure 2 the ratio of each population to the total has small fluctuations around a mean

value, again neglecting the bias of the initial steps.
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Figure 2: Population ratio.
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Another important result is the effective multiplication factor, this is presented in Figure 3. It is
possible to perceive that this factor fluctuates around unity during the greater part of the simulation
and then decreases. This behavior is explained by the program termination and the fact that no
neutron can surpass step number 2500.

It is also possible to portray the neutron spectrum, not only for the whole of the population, but for
each individual distribution, this is done in Figure 4. In order to obtain these spectra, all neutron
energies after steps number 100 were considered. The first 100 steps were neglected in order to
consider only the recurrent regime. Note, that the aforementioned simulator allows the intersection
of distributions and a given neutron energy is not bound to any distribution.

Figure 3: Effective multiplication factor.
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4. CONCLUSIONS

In this work we showed the state of developments of a new Monte Carlo transport code for neutron
interactions. Firstly the simulator was successful in achieving a recurrent regime, for which the
number of neutrons and the effective multiplication factor were shown. Also, the simulator correct-
ly identified the population to which each neutron belonged, which, after the initial bias was gone,
did not change any further, with the exemption of statistical fluctuations.

We also showed the neutron spectrum for all three distributions as well as for the total population.
The importance of this result comes from the fact that both Watt and Maxwell-Boltzmann distribu-
tions have known shape, although their normalization can vary, but the remaining part of the spec-
trum is composed by a distribution of a priori unknown shape, which depends on details of the re-
actor geometry and chemical components. This third distribution, for neutrons that have intermedi-

ate ener-
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Figure 4: Neutron spectrum.
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Figure 5: Neutron thermalisation.
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gies between fission and thermal energies, was successfully identified both in shape and in normali-
zation.

Lastly, in Figure 5 we showed the neutrons as they were selected as part of the thermal population.
This results also differentiates the contribution of the scattering targets to the thermalisation of neu-
trons. From this result it is possible to asses not only the error of considering the scattering target at
rest, but also the correction done by the sampling of the neutron energy from a Maxwellian distribu-
tion.

In future works we intend to implement the program as a package for GEANT as an alternative for
the current MORSE code for neutron transport and update the scattering module by anisotropic and
energy dependent angular distributions. Further, also Doppler broadening due to temperature effects

will be implemented in the next version of the simulator.
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