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Background

A subcritical system is a nuclear facility consisting fissile material in which neutrons
are multiplied by fission reactions but the level of multiplicity is insufficient to produce
a self-sustaining nuclear chain reaction. Therefore in such a system nuclear reactions
happen only in the presence of a neutron source. In the last decades a renewed inter-
est toward the research on the neutronics of subcritical systems is experienced world-
wide mainly due to the concept of the so-called Accelerator Driven Subcritical System
(ADS). In these systems a spallation neutron source is planned to be installed to provide
a constant power level. ADS development is driven mainly by its expected favourable
properties for the incineration of nuclear wastes. Another interest toward the physics of
subcritical systems rises from the increased concern about nuclear proliferation since
all fissile material stocks outside of nuclear reactors can be considered as subcritical
systems and methods applicable for the determination of their multiplicity can also be
applied to determine the quantity and quality of fissile material for nuclear safeguards
purposes.

The main advantage of the ADS is its tolerance for higher MA loading, possibly in
an inert matrix, which may grant a higher MA burning efficiency. Due to this feature,
ADS is generally considered as a dedicated transmuter. The design of a future ADS
transmuter requires fast and flexible transport calculation methods which are feasible
for full-core calculations and are easy to integrate into burnup calculation schemes.

Among the numerous ADS designs and projects one of the most important ones is
the Belgian MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Appli-
cations) project managed by the Belgian research centre SCK•CEN. The project was
initially started in 1998 and aims the replacement of the BR-2 research reactor at Mol
site of SCK•CEN by a lead-bismuth cooled ADS. After numerous design changes and
rescheduling today the commissioning is planned for 2024.

One of the most important questions of the experimental programs is to find the
best method for the monitoring of the subcriticality of an ADS core. The subcritical-
ity level directly determines the multiplicity of the core and so the power of the core.
Therefore, it is very important to continuously monitor its changes due to the burnup
or other effects during the operation of the ADS. Among others the so-called neutron
noise methods are also candidates to be used as a calibration technique for the on-line
reactivity monitoring system of an ADS. These methods are based on the stochastic
fluctuation of the number of neutrons in the nuclear chain reaction from which the mul-
tiplication, the subcriticality level and other important parameters of a system can be
derived.

Nuclear safeguards aims the control, monitoring and detection of fissile materials
in order to prevent the illegal use of nuclear material. Since the nuclear safeguards
activities were started different measurement methodologies were developed for the
detection of fissile materials. Some of them are based on the principle of detecting
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neutron multiplicity as an inherent nature of fissile material. These methods are based
on similar principles as the ones used for the neutronics investigation of subcritical
systems. One of the most often used methods is the neutron multiplicity counting. It is
based on the detection of coincidences of neutrons. These can be simple coincidences
(doublets) but even higher order coincidences (triplets, etc.). The ratio of the single
counts and the coincidences can be used to determine the multiplicity of the investigated
system and so the fissile material content.

Monte Carlo methods are widely used in the development and interpretation of such
techniques. Several special simulation tools have been developed because the neutron
coincidences are so-called non-Boltzmann quantities and therefore special methods are
needed for their estimation. Therefore, the neutron noise methods and nuclear safe-
guards applications provides a reason to develop variance reduction methods for non-
Boltzmann estimators in neutron multiplicity problems.

Research objectives

The research work presented in the thesis covers two main field: the investigation of
the neutron fluctuations in subcritical systems and the development of methods for the
efficient simulation of an ADS.

The simulation of neutron fluctuations in subcritical systems has an importance in
different fields as the neutron noise measurements for reactivity measurement in an
ADS or the detection of nuclear material through neutron coincidences. The quantities
describing the neutron fluctuations are so-called non-Boltzmann quantities, which can
be determined by analogous Monte Carlo methods. However analogous Monte Carlo
simulation is time consuming and almost hopeless in real systems. Therefore a method
had to be developed for the non-analogous simulation of non-Boltzmann quantities.
The method has to be applicable for systems with higher multiplicity which is typical
in a source driven subcritical assembly, and for the estimation of correlation between
events, i.e. that of higher moments.

Earlier experiments and theoretical investigations indicated the existence of multiple
α-modes in subcritical systems, which influences the different reactivity determination
techniques. Therefore a series of measurements was performed at the Delphi subcritical
assembly of the Delft University of Technology with the aim to examine the influence
of the source distribution and the detector position on the prompt decay constant (α)
obtained with the different neutron noise methods. The Delphi measurement provided
a good opportunity to experimentally investigate the spatial effects of the multiple α-
modes, since in a thermal system these effects had not been observed before. A further
objective of the measurements was to provide a validation basis for the non-analogous
Monte Carlo simulation methods. Detailed Monte Carlo simulations can help the un-
derstanding of the nature of the multiple α-modes by providing results which are not
possible to obtain from measurements. Simulations offer much more freedom in the
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selection of detector material, position, size, time resolution etc. compared to real mea-
surements. However, the reliability of such computational results needs validated meth-
ods and models.

Among the challenges of the simulation of an ADS a special case is the modelling
of the neutron fluctuations in an ADS (e.g.: neutron noise measurements for reactivity
determination) as this requires also the description of the higher moments of the prob-
ability distributions. The high-multiplicity spallation source can have serious effect on
the neutron noise measurements, therefore it is reasonable to model it in detail. How-
ever, while one can easily find measured data about spallation sources for the average
values (the first moment) in the literature, the higher moments are not available due to
the smaller interest and the difficulties of such measurements. Therefore one had to
attempt to reproduce the higher moments and correlations needed for the accurate sim-
ulation of the neutron fluctuations in an ADS with the help of the physics models of the
spallation process implemented in a high energy Monte Carlo particle transport code.

Neutron transport calculation of an ADS represents new challenges compared to
conventional critical reactors. The simulation of the high-energy processes is based on
physics models instead of tabulated reaction cross-section data. Therefore, in this range,
due to the lack of tabulated data and the collision-by-collision nature of the simulation,
only Monte Carlo transport calculation is feasible. That is why the development of
coupled Monte Carlo and deterministic calculation methods has outstanding importance
in the research of ADSs.

The coupling between the stochastic and deterministic simulation can be done in
different ways. However, in the case of high-energy (1 GeV) protons, the neutrons
leaving the target are well above 20 MeV and one has to track them with Monte Carlo
methods while they scatter below this limit. This means that the source passed to the
deterministic code extends to the whole core, and cannot be defined as a source on a
boundary. Instead, the coupling has to be made at an energy limit in the entire volume.
Therefore, the methodology of such energy based volumetric and angular coupling had
to be developed.

Since most ADSs are developed for transmutation purposes, detailed burnup calcu-
lations are especially important to optimize the design for MA burning. Burnup calcu-
lation needs the regular recalculation of reaction rates. In the tabulated energy range it
is straight-forward to calculate reaction rates with the help of the track length estimator.
However, above the tabulated range the outcome of the reaction is calculated by physics
models. In order to circumvent this problem a calculation scheme had to be developed
and implemented in MCNPX with some modifications to the code.
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New research results

1. I was the first to develop a method which makes it possible to use non-analogous
techniques in the Monte Carlo estimation of correlations between detection events
and therefore in the simulation of neutron noise measurements. The so-called
history splitting reconstructs all the possible analogous subhistories from a non-
analogous particle history in the form of a subhistory matrix. Based on this sub-
history matrix the contributions to a correlation estimator can be calculated. [7, 3]

2. I was the first to demonstrate that the use of Russian roulette is problematic when
the history splitting or a similar technique is applied for the non-analogous Monte
Carlo estimation of a non-Boltzmann quantity, because it results in low proba-
bility, high importance contributions. Alternatively, I have suggested the use of
alternative history control techniques, namely the limitation of variance reduction
events in a history and in a particle track. [6, 7, 3]

3. I have suggested a completely new method for the Monte Carlo simulation of
the results of neutron noise measurements based on the convolution of subhis-
tory contributions with the source distribution. This method largely improves the
statistics of the estimation even for analogous simulations. I have implemented
the method and tested with the autocorrelation technique.[3]

4. I was the first to implement the methods in 1-3. for neutron transport in the
three dimensional, continuous energy, general purpose Monte Carlo code MCNP,
which made it possible to perform non-analogous Monte Carlo neutron noise
simulations for real systems. I have demonstrated the applicability and efficiency
of the methods with simulations for the neutron noise methods performed on the
Delphi subcritical assembly. [6, 4]

5. I have demonstrated the spatial dependence of the higher α-modes in a thermal
system by neutron noise measurements at the Delphi subcritical assembly. This
set of measurements provides a good basis for further theoretical investigations
of the α-modes.[4]

6. With the help of the physics models implemented in the high-energy Monte Carlo
particle transport code MCNPX, I was the first to demonstrate that the energies
of neutrons produced in spallation reactions from a single proton cannot be con-
sidered as independent. The energy correlation between the neutrons diminish as
the target thickness and the number of secondary reactions increases. [9, 2]

7. I was the first to develop a volumetric and angular coupling between high-energy
Monte Carlo and discrete ordinates transport at the energy boundary of the high
energy physical models and the tabulated cross-sections. This makes it possible
to apply the computationally expensive Monte Carlo transport only at the high
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energies for the calculation of the spallation source and perform the calculation
for the source driven subcritical core with a more efficient deterministic method.
[1]

8. I was the first to develop a methodology and a variance reduction method based
on virtual cross-sections for the efficient estimation of reaction rates induced by
high energy spallation neutrons and implement it in the high-energy Monte Carlo
particle transport code MCNPX. The method was proved to be applicable for
problems, where high energy particles have significant contribution to the reac-
tion rates. [8]
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[9] M. Szieberth and G. Radócz. “Investigation of the energy correlations of spallation
neutrons by the MCNPX code.” In: International Conference on Mathematics
and Computational Methods Applied to Nuclear Science and Engineering (M&C
2011), 228. American Nuclear Society, LaGrange Park, IL, USA, Rio de Janeiro,
Brasil (2011)

[10] M. Szieberth, G. Klujber, J. Kloosterman and D. De Haas. “Neutron noise mea-
surements at the Delphi subcritical assembly.” In: International Conference on the
Physics of Reactors 2012, PHYSOR 2012: Advances in Reactor Physics, vol. 5,
pp. 3679–3696 (2012)

Other publications

[11] G. Csom, S. Fehér and M. Szieberth. “Perspectives of waste recycling symbiotic
nuclear energy systems.” In: Proceedings of the International Conference on
Radioactive Waste Management and Environmental Remediation, ICEM, vol. 1,
pp. 415–422 (2001)

[12] M. Delpech, S. Dulla, C. Garzenne, J. Kophazi, J. Krepel et al. “Benchmark of
dynamic simulation tools for molten salt reactors.” In: Global 2003: Atoms for
Prosperity: Updating Eisenhowers Global Vision for Nuclear Energy, pp. 2182–
2187 (2003)
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