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Abstract
Monte-Carlo methods offer an alternative to the traditional methods to estimate

doses for persons occupationally exposed to radiation. In particular, they can be applied
in the pre-job planning phase to optimize work-flows In this work a methodology to assess
personal working in nuclear waste disposal facilities has been developed.

First, a validation of the selected tools has been performed. In the laboratory ap-
proach, it has been verified if the MCNP6 is able to reproduce experimental results and
if simplifications of the model affect respective results. A neutron generator producing
neutrons at 2.5 MeV is employed to simulate neutrons produced in spent nuclear fuel and
neutron and gamma radiation are measured using a NE-213 detector. Layers of steel
and polyethylene are positioned between the target of the neutron generator and the
detector to mimic a shielding cask. Results of the measurements and corresponding sim-
ulations exhibit a good correlation confirming that MCNP6 can properly describe such
scenarios. In the numerical approach, the impact of uncertainties in the cross section
libraries on the simulated results has been studied, using the SAMPLER module of the
SCALE package. Although results show that these perturbations impacts the obtained
dose however, the magnitude is marginal and the confidence interval of calculated data
to consider that the confidence interval of the results is practically not affected.

Second, the influence of different parameters of a nuclear waste disposal facility on the
dose received by workers has been studied by numerical means. Therefore, POLLUX®

casks with different spent nuclear fuel loadings are placed in different disposal galleries.
The radiation field is calculated in the emplacement drifts as well as in a drift without
surrounding walls to reveal the role of the backscattered radiation. Moreover, to study
the effect of backscattered radiation on personal exposure, a mathematical phantom is
used representing a worker inside a drift. Parametric simulations are performed where
the orientations of the phantom to the cask is varied. Two conclusions are obtained.
First, for the studied waste inventory neutrons dominate the radiation field. Second,
the backscattered radiation plays an important role in such facilities. Therefore, it has
been proposed that workers wear two dosimeters, one at the front and one at the back.
The personal dose can then be derived by combining the dose rate obtained with both.

Finally, a comparison of the personal dose during the emplacement of casks in a rock
salt drift and in a drift with a reinforcement of concrete has been performed. Since the
load capacity per cask for disposal in clay is lower than that for disposal in a rock salt,
the disposal of the same amount of spent nuclear fuel leads to a higher personal dose in a
clay formation compared to emplacement in rock salt due to the significantly enhanced
time required for disposal.
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Kurzreferat
Monte-Carlo-Methoden bieten eine Alternative zu traditionellen Dosisabschätzungsme-
thoden. Sie können insbesondere im Vorfeld geplanter Arbeiten angewandt werden. In
dieser Arbeit wurde eine Methodik entwickelt, um die Dosis für Mitarbeiter in Endla-
gerstätten für abgebrannte Kernbrennstoffe abzuschätzen.
Im ersten Teil wurde eine Validierung der ausgewählten Werkzeuge durchgeführt. Im La-
bormaßstab wurde verifiziert, ob MCNP6 in der Lage ist Experimente zu reproduzieren
und ob Modellvereinfachungen die Ergebnisse beeinflussen. 2.5 MeV Neutronen wurden
von einem Neutronengenerator produziert, um die von abgebrannten Brennelementen
generierten Neutronen zu simulieren. Neutronen- und Gammastrahlung wurde mit ei-
nem NE-213 Detektor gemessen. Um einen Abschirmungsbehälter zu simulieren, wurden
Polyethylen- und Stahlschichten zwischen dem Neutronengeneratortarget und dem De-
tektor positioniert. Ergebnisse der Messungen und entsprechenden Simulationen zeigten
eine gute Korrelation auf und es wurde bestätigt, dass MCNP6 solche Szenarien in ge-
eigneter Weise simulieren kann. In der numerischen Annäherung wurde untersucht, ob
Datenunsicherheiten in den Wirkungsquerschnittsbibliotheken eine Auswirkung auf die
Ergebnisse haben. Das SAMPLER-Modul des Programmpakets SCALE wurde benutzt,
um zufällige Störungen in den Wirkungsquerschnittsdaten zu erzeugen. Obwohl die Er-
gebnisse zeigen, dass die Störungen einen Einfluss auf die erhaltenen Dosiswerte haben,
ist dieser gering. Entsprechende Abweichungen liegen immer noch im Konfidenzintervall
der Ergebnisse.
Im zweiten Teil wurde mittels MCNP6 der Einfluss verschiedener Parameter einer Ein-
lagerungsstrecke auf die Dosis untersucht. POLLUX®-Behälter mit verschiedenen abge-
brannten Brennelementbeladungen wurden in verschiedenen Einlagerungsstrecken unter-
sucht. Das Strahlenfeld wurde in den Einlagerungsstrecken sowie in einer Strecke ohne
Wände berechnet, um den Einfluss von der Rückstreuung aufzuzeigen. Weiterhin wurde
ein mathematisches Phantom eingesetzt, um die Auswirkung der Rückstreuung auf die
zuerwartete Personendosis zu analysieren. Dabei wurden Simulationen mit verschiedenen
Phantomorientierungen zum Behälter durchgeführt. Es ergaben sich zwei Schlussfolge-
rungen: Erstens dominieren Neutronen beim untersuchten Abfallinventar die Dosis im
Strahlenfeld. Zweitens spielt die Rückstreuung eine wichtige Rolle. Deswegen wird der
Einsatz von zwei Personendosimetern auf Körpervorder- und Rückseite vorgeschlagen,
um die von beiden Messgeräten ermittelte Personendosis zu kombinieren.
Zum Schluss wurde ein Personendosisvergleich während der Behältereinlagerung in ei-
ne Steinsalz- und Tonsteinstrecke durchgeführt. Da die Behälterbeladung in Tonstein
geringer als in Steinsalz ist, führt eine Einlagerung der gleichen Menge abgebrannter
Brennelemente in Tonstein zu einer höheren Personendosis als in Steinsalz.
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Chapter 1

Introduction

1.1 Problem statement

A long-term and safe disposal of heat generating nuclear waste is a challenge for
the research community since there are many uncertainties in different fields such as
technological, legal, social, environmental and ethical aspects.

The traditional methods to estimate personal dose of occupational exposure are not
precise enough, since they are generally based on averaged measurement data. Moreover,
many of these methods are based on measurement techniques with passive dosimeters,
which mean that the dose received by the workers is recorded during their working activ-
ities, and only after the dose has been recorded, it is possible to perform an assessment
of the radiological risk related to the received dose. Numerical simulations offer a power-
ful alternative to occupational radiation protection since they can be used to estimate
the doses for workers in the pre-job planning phase. Monte-Carlo codes can be used to
simulate working activities and provide dose estimations.

Most concerns related to nuclear waste disposal are connected with the possible
radiation exposure of the population as a consequence of the potential radionuclide
release from a repository to the biosphere in the long-term after thousands of years,
while less attention is draw to possible dose exposure to workers during operational
phase. However, certain activities performed in a nuclear waste disposal or storage
facility might lead to elevated exposure of workers during the operational phase of a
repository. Therefore, it is advisable to keep a surveillance of the occupational radiation
exposure.
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2 Problem statement

1.1.1 Challenges, requirements and boundary conditions

Nuclear waste comes mainly from the use of nuclear energy to produce electricity
but also from other applications like research, industry and medicine. An important
amount of this waste is composed of radionuclides with long half-lives that can be a risk
to the population and the environment and must be properly disposed.

The disposal of highly radioactive waste is therefore, a primarily challenge since the
selection of a location for a repository is socially very controversial and critically dis-
cussed and since a proof of safety over a period of 1 million years is required. One of the
most accepted options is the disposal in deep geological formations (BMWi 2015). Ac-
cording to (Röhlig et al. 2014), with the actual and in short future expected technology,
the disposal in deep geological formations is independent of other extra measures like
partitioning, conditioning, transmutation or long-term intermediate storage, the only
way to dispose the waste safely and in the long term as well as environmentally friendly.

Although the disposal in deep geological formations is feasible with the actual tech-
nology, the selection of the suitable location is not trivial since there are many boundary
conditions (geological, technical, socio-technical, and socio-economical, etc.) that affect
this decision. Hence the actual challenge is to evaluate these boundary conditions to
determine their impact in the location selection.

The selection of the host rock as well as the proper location of a repository must
be made according to the geoscientific criteria defined by the local regulations like the
"Standortauswahlgesetz" in Germany (StandAG 2017), which are intended to guarantee
the best possible safety for a repository and aim at long-term safety in order to protect
the population from radiation exposure. The optimization of the radiation protection
for employees during the operational phase, which is ensured by properly planning the
work processes, the provision of shields, etc., is also required. However, it is not the only
parameter to be taken into account and does not definitely influence the selection of a
repository site or a host rock.

In a disposal facility, the main contributor to the dose received by the workers is the
radiation coming from the nuclear waste stored in shielding casks, but there are also
many other boundary conditions that can have an influence on the received dose. The
study of these parameters is, as described in the following sections, the main aim of this
thesis.
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1.1.2 The ENTRIA Platform

The ENTRIA platform (in German "ENTsorgungsoptionen für Radioaktive Rest-
stoffe: Interdisziplinäre Analysen und Entwicklung von Bewertungsgrundlagen") was
set up to gather experts of the various areas to compare three different nuclear waste
management options, i.e., final disposal in deep geological repository without provisions
of retrieval, final disposal in deep geological repository with provisions of monitoring
and retrieval, as well as long-term above-ground storage from different points of view
(technological, legal, social etc.) (Geckeis et al. 2012).

Eleven German research institutes and universities as well as a Swiss partner work
together in the ENTRIA platform. The aim is to be a research group independent from
politics, operation companies, and stakeholders. However, the objective of ENTRIA is
not to state the suitability of a concrete location for a nuclear waste disposal facility,
but to stablish some guidelines and criteria that can help to take this decision (Röhlig
et al. 2014).

This thesis is framed in the ENTRIA working group interdisciplinary risk research.
This transversal project studies the possible risks in the deep geological options from
different perspectives. A list of the work published during the development of the thesis
can be found in Appendix D.

1.2 Objectives of the thesis

The aim of this thesis is to develop a methodology that can be used to asses personal
working in nuclear waste disposal facilities. Since many parameters have an influence
in the dose received by workers in such facilities, the methodology will be orientated to
elucidate the impact that these parameters have on workers. The operational application
of the developed methodology will be the estimation of the personal dose during working
activities in the different nuclear waste disposal options and to compare different disposal
options.

To develop and apply the methodology is not enough to confirm that there are
available tools. It is also necessary to prove that the selected tools can properly represent
the exposure that workers may receive The second objective of this thesis is therefore,
to validate the tools and to prove that the different uncertainties do not distort the
obtained results. Two approaches are followed. First, the possible distortions due to the
uncertainties in the simulations of a real scenario must be quantified. For this purpose,
experiments are performed and compared with simulations with the selected codes. The



4 Organization of the thesis
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Figure 1.1: Flow diagram of the developed work showing the main steps in the meth-
odology, numerical and laboratory approaches.

second approach studies the uncertainties in the code itself to determine if variations of
them will have an impact in the results.

If both approaches are validated, the developed methodology can be considered ap-
propriate to compare different disposal scenarios. Figure 1.1 includes a flow diagram
with the main steps performed in this work for each approach.

1.3 Organization of the thesis

In chapter 2 an overview of the different disposal options with their advantages and
disadvantages is presented. Furthermore, for the concept of deep geological repository
the characteristics of the candidate host rocks are explained. Also in chapter 2, the
generic characteristics of shielding casks and the specifications of the POLLUX® cask
are presented. Finally, the concept of radiological protection is introduced.

The required tools to develop the methodology are explained in chapter 3. The
Monte-Carlo and the uncertainty and sensitivity analysis methods are introduced and
an overview of the employed codes to perform these methods is presented. Finally, the
applications of these methods to the external dosimetry is discussed.
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In chapter 4 a detailed description of the neutron, gamma and beta sources that has
been employed in the calculations of chapter 6 and chapter 7 is presented.

The chapter 5 and chapter 6 take care of the laboratory and numerical approaches
described in the previous section. The experiments performed with the Neutron gen-
erator of the Technische Universität Dresden (TUD-NG) and the comparison with the
simulations performed with MCNP are presented in chapter 5. In chapter 6 the un-
certainty and sensitivity analysis of the cross-section libraries with the package SCALE
and a comparison with MCNP is presented.

Once the interval of confidence of measurements and calculations has been establish,
the dose assessment in a deep-geological repository can be performed. This is the high-
light of chapter 7. In this chapter, the ambient dose and the personal dose is studied.
The influence of different parameters on the measured dose, i.e. the disposed waste, the
selected host rock or the position of the worker, are discussed. Finally, as example of
the operational approach, a comparison between the absorbed dose during a working
scenario in different host rocks is conducted.

To conclude this thesis, a resume of the obtained results will take place in chapter 8.
An overview of the future possible working lines to improve the developed methodology
and the application area in radiation protection are also discussed.





Chapter 2

Nuclear waste disposal options

2.1 Nuclear waste categories

The International Atomic Energy Agency (IAEA) classifies nuclear waste in six cat-
egories from lower to higher riskiness in terms of radiological protection. A detailed
classification of which waste is included in each category and what are the measure-
ments to be followed can be found in (IAEA 2010). The categories head to:

• Exempt Waste (EW): Waste that cannot properly be considered as radioactive
waste. Waste that enters in this category no longer has to follow special radiation
protection measures and can be handled as normal waste.

• Very Short Lived Waste (VSLW): Waste in this category is composed by radio-
nuclides with a very short half-life. It needs to be stored in special conditions for
a limited period up to a few years. After that time it enters in the EW category.

• Very Low-Level Waste (VLLW): Waste composed by short half-life radionuclides
but it also includes small amounts of longer half-life radionuclides. Therefore, it
cannot be directly considered as VSLW or EW. It has to be disposed in special
facilities, but due to its low activity does not require high regulatory control. This
waste is usually stored in above-ground facilities.

• Low-Level Waste (LLW): Waste inside this category already requires a special
isolation for periods of up to a few hundred years. This class includes waste with
high activity and short lived radionuclides but also long lived radionuclides with
low activity. Usually it is enough to store this waste in above-ground facilities, but
it can also be disposed in depth disposals.

7
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• Intermediate-Level Waste (ILW): This category already includes waste with long
lived radionuclides but low heat emission. Therefore, depth disposal at depths
around ten to hundred meters is recommended.

• High-Level Waste (HLW): Waste in this category has a very high activity and
generates a significant amount of heat that must be dissipated. Depth disposal of
HLW requires usually stable geological formations at several hundred meters. The
Spent Nuclear Fuel (SNF) of nuclear power plants is included in this category.

As shown in Table 2.1, the largest amount of nuclear waste can be handled as LLW
(in the table VSLW and VLLW has been considered as LLW). For this waste near
surface disposals at ground level are enough to keep the waste safe (IAEA 2010) and
many countries already operate such facilities. However, countries like Germany require
a deep geological disposal for LLW. On the other side, the HLW represents a very small
volume of the total amount of generated nuclear waste. However, it is responsible for
almost all the radiative emissions. Currently, the majority of this waste is stored in
interim storage facilities, awaiting for an option for ultimate disposal. Since the disposal
of HLW represents currently the main social challenge, it is the focus of this thesis.

Table 2.1: Volume and activity of the different types of radioactive waste (World
Nuclear Association 2017).

Volume Radioactive content
(%) (%)

LLW 90 1
ILW 7 4
HLW 3 95

2.2 Nuclear waste disposal options

As described in (Röhlig et al. 2014), the disposal of nuclear waste should meet at
least the following requirements:

• Protection of population, workers, and environment from radio-toxic material.

• Protection of population and staff from direct radiation.

• Avoidance of a possible chain reactions of the fissile material.

• The generated heat should be properly dissipated to avoid damages in the struc-
tures of the cask and to preserve the integrity of the disposal facility.
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• Waste should be protected against unauthorized access.

• Prevention of possible sabotage.

To consider a nuclear waste disposal option as reliable it must satisfy all the above
described requirements. If necessary, technical measures must be employed matching all
required criteria.

2.2.1 Rejected Options

In the last decades many options have been proposed to dispose HLW. The majority
of these options have never been realized due to technological limitations, or because
they are internationally not accepted. Others were just applied for a period of time and
rejected due to changes in international laws or because they lost sustainability. Some
of the options scope:

• Disposal in the outer space: It consists in the launch of space shuttles transporting
nuclear waste into space. It was investigated by the NASA in the late 1970s and
early 80s (Burns et al. 1978). Due to the high costs and the risk of waste dispersion
in case of a launch failure it was abandoned.

• Rock melting: The method consists in the introduction of capsules with nuclear
waste at 2 km depth. Once there, the heat emitted by the waste would melt the
rock around it, burying the capsule deeper. At the same time, the rock above
the waste will solidify again (Logan 1974; Heuze 1981). This option is currently
not implemented anywhere since it presents drawbacks related to safety issues like
heat induced fracturing/fissuring leading to water access.

• Sub seabed disposal: Radioactive waste would be buried in a geological setting
under the seabed. The repository would be accessed from land or an offshore
structure (Hollister et al. 1981; Bishop et al. 1974). Theoretically it would be
possible to monitor and retrieve the waste (Hinga et al. 1982). However, the
method was never implemented due to the impossibility to predict consequences
from radionuclide dispersion and it is forbidden by the international agreements
(International Convention on the Prevention of Marine Pollution by Dumping of

Wastes and Other Matter 1972).

• Disposal at subductive zone: In a subductive zone a tectonic plate slides under
another one. Nuclear waste can be disposed in these zones and it would be car-
ried to the earth mantle (Uyeda 1984). Theoretically, the main advantage of this
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method is the impossibility of return of the radionuclides since their average dif-
fusion (1 mm/year) is slower than the subduction rate (2.1 cm/year) (Rao 2001).
However, the method is not implemented anywhere since uncertainties due to seis-
mic and volcanic events in the subduction zones are present and is not permitted
by international agreements.

• Disposal in ice sheets: Casks with HLW would be placed in stable ice formations.
The heat generated by the waste would melt the ice and be drawn deep into the
ice sheet. The ice would refreeze above the cask creating an isolation barrier (B.
Philberth 1961; K. Philberth 1977). However, a possible climate changes may
affect these ice formations and be no more stable. This method is forbidden by
the Antarctic Treaty (Council et al. 1959).

• Direct injection: Consist in the injection of liquid radioactive waste into a layer
of rock deep underground. It was investigated by the USA but abandoned for
deep geological disposal. Russia implemented this technique from 1963 to 2002
(Rybalchenkoa et al. 2005). The long-term evolution of such systems is unclear
and may be a risk of groundwater pollution.

• Disposal in boreholes: Inspired on the direct injection method, it consist in drilling
deep holes (5 km or deeper) to dispose cask with HLW. Afterwards, the bore would
be filled with some special layers (mainly crushed rock and cement) (Beswick 2008;
Brandy et al. 2009). However, the required technology is not available and it is
not expected to be ready in short (Bates et al. 2014).

• Multinational repositories: Not all countries are suitable to store their own ra-
dioactive waste. Some are limited in area or have not enough radioactive waste
to make the construction and operation of their own repositories economically
feasible. International repositories would be located in a host country that would
accept waste from several countries (Chapman et al. 2014). However, the actual
regulations rule that each country has to be responsible for its own nuclear waste.

All the options explained above were rejected since they do not achieve some of the
requirements that a repository of nuclear waste should have. Currently, the options in
discussion in the majority of countries are long-term above-ground storage and deep
geological repository with and without provision of monitoring and retrieval. These
three options are explained in detail in the following sections.
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2.2.2 Long-term above-ground storage

For this disposal option, mainly technical barriers are employed to contain the nuclear
waste (Thomauske 2002). These facilities are usually not considered as a final solution
but as intermediate storage for several decades to a few hundred years. After this period,
if any new final solution is available, nuclear waste should be disposed in deep geological
repositories (Röhlig et al. 2014).

These facilities have the advantage that they are easier to construct than deep-
geological repositories. Moreover waste can be easily retrieved if necessary. Their con-
struction cost are much lower than other options, but they have significant operating
costs since regular maintenance is required. Another disadvantage is that waste is less
protected against natural catastrophes or unauthorized access. Moreover, they present
some important socio-political challenges that make them inappropriate as final disposal
option. The institutional control cannot potentially be guaranteed for extended opera-
tional times and they imply also that a great amount of knowledge has to be transferred
to the future generations to guarantee a proper operation (IAEA 2003).

Many countries already operate this type of installations. Countries like Germany
have central and local storage facilities near their power plants (Thomauske 2002)
forseen to be operated for about 40 years.The Netherlands have a central storage fa-
cility (Figure 2.1), where all the nuclear waste of the country is stored (Kastelein et al.
2005). For this facility, a possible operation time up to 300 years is envisaged. For
countries with small amounts of nuclear waste this centralized storage is easier that for
countries with facilities producing nuclear waste across the country since it implies a
higher amount of transport (Röhlig et al. 2014).

(a) Outside view (extracted from (Hardy
Stevenson and Associates Limited 2008))

Non-heat producing wasteHeat producing waste

Passive cooling system

Ventilation shaft

(b) Cross-section view (extracted from (Power-
ing the Grid 2011))

Figure 2.1: Long-term above-ground storage facility in Netherlands (HABOG) for
LLW, ILW, and HLW
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2.2.3 Deep geological repository without provision of retrieval

Deep geological repositories use the long stability of geological formations to dis-
pose the nuclear waste where a combination of engineered and natural barriers keeps
it isolated (Röhlig et al. 2014; World Nuclear Association 2017). The nuclear waste is
disposed several hundred meters deep in excavated drifts or boreholes (Figure 2.2). If
no provision of retrieval is intended, once the waste is allocated the drift or borehole is
filled with material again and the access installations are dismantled and sealed (World
Nuclear Association 2017).

Disposal drift

Disposal in boreholes

Drift filling

Main road

Cross-drift

Figure 2.2: Representation of a possible deep geological repository for HLW and
operational equipment for transfer and disposal. Extracted from (Bollingerfehr, Filbert

and Reinhold 2009)

In contrast to above-ground storage facilities, external ambient and social changes
like long-term climate changes, catastrophes, wars or changes in the governmental policies
have a lower impact an a geological disposal. Moreover, once the repository is closed
the risk unauthorized human intrusions is reduced (Röhlig et al. 2014).

The main disadvantage from this option is the complexity of the construction and the
associated costs. Moreover, once the repository is sealed, the retrieval is very complicated
and monitoring is impossible.
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2.2.4 Deep geological repository with provision of monitoring and re-
trieval

Unlike the disposal without prevision of retrieval, this option considers the possibility
to extract the nuclear waste in the future. The idea is similar to the retrieval without
provision, but the drifts are kept open, or if they are closed, it is done in a way that the
waste can been relatively easily retrieved.

This option is the favourite for many countries since it keeps the advantages of
the disposal in host rocks (protection against external changes, unauthorized human
intrusions, etc.) but it adds the advantage that nuclear waste can be retrieved in the
future if new technologies allow a better solution or if new findings disqualify the site as
safe disposal option (Röhlig et al. 2014; U.S. Department of Energy 2014).

Deep geological repositories and above-ground storage facilities require personal
working in the proximity of HLW. Therefore, a study of the radiological impact is
necessary to determine how the surrounding conditions affect to both the individual and
the collective received dose. In (Zhang 2011), a study for quantifying the radiation field
in an above-ground storage facility is performed. Furthermore, facilities of this class are
already operational in many countries allowing to perform direct measurements. Hence,
this work would only focus in the study of the deep geological repository since it is the
favourite option for long time disposal but many variables still have to be studied.

2.3 Host rock characteristics

The host rock is in many cases the main barrier to contain the high-level nuclear
waste in a deep geological repository. Therefore, it should be selected carefully. A deep
geological repository requires a proof of safety over a period of 1 million years which
implies that the selected host rock should have a high stability and should be located in
a region with low geodynamical impacts (earthquakes, tectonic plate movements, etc.).
Therefore, only a few areas are good candidates to allocate a deep geological repository.

According to the last version of the "Standortauswahlgesetz" (StandAG 2017) the
temperature at the outer surface of the disposal cask should not exceed 100 ◦C. Moreover
because of the arrangements for retrievalbility and monitoring the air temperature in
the open drifts is limited to 52 ◦C (Leon Vargas et al. 2017). This should ensure the
occupational health of the staff operating the repository.

Another important characteristic is the water permeability. A geological repository
should have a very low water permeability to avoid the access of water inside the drift
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or at least minimize the amount of water. If water finally has access to the drift, it
will enter in contact with the disposal cask leading to a corrosion of the cask and a
corresponding production of gases. If the host rock is not able to absorb or dissipate
these gases, pressure increases and could affect to the barrier integrity. A long term
cask corrosion may affect its integrity and radionuclides can be released. Therefore, to
restrict the propagation of radionuclides, it is necessary a host rock with high sorption
capacity.

Figure 2.3 shows for different host rocks, regions with potentially suitable geological
formations in Germany. In this section, an overview of the three main host rocks in
discussion as candidates to allocate a deep geological disposal, i.e. rock salt, clay and
claystone formations and crystalline rock are provided. In general none of them match
all the above mentioned criteria (Bollingerfehr, Herklotz et al. 2011) and some technical
barriers must be designed to supply some lacks from the host rocks.

2.3.1 Rock salt

Rock salt formations form due to the evaporation of water from sediments of marine
salts. It is one of the most studied host rocks and used to be one of the favourite
candidates for a deep geological repository in Germany in the past (FZKA 2008). Other
countries like USA (Macfarlane et al. 2006) are also considering rock salt as possible
host rock.

An important advantage of rock salt is its high thermal conductivity and resistance
allowing the denser disposal of heat producing waste and reducing the necessary space.
Another positive properties are its extremely low impermeability almost preventing in-
gress of water to the disposal drift and the high homogeneity of the rock salt domes. The
high mechanical resistance of salt rock formations allows to drill a repository directly
in the host rock without supporting reinforcements (Bollingerfehr, Herklotz et al. 2011).
This makes a repository easier and cheaper to built. However, the viscoplastic charac-
teristics are certainly the most striking advantage of rock salt. Openings, fractures and
pores close with time under the lithostatic pressure of the rock and overlays.

As disadvantages, rock salt is water soluble. In case of extensive water access from
outside due to inappropriate sealing or brine pockets in the host rock, the container may
corrode. Released radionuclides are then less efficiently retarded by sorption reactions
as compared to other host rocks.
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Rock salt

Claystone

Crystalline

(Kockel et al. 1995)

(Hoth et al. 2007)

(Bräuner et al. 1994)

Berlin
Potsdam

Schwerin

Magdeburg

Kiel

Hannover

Hamburg

Bremen

Düsseldorf Dresden

Erfurt

Wiesbaden
Mainz

Saarbrücken

Stuttgart

München

Figure 2.3: Distribution of the possible locations for a deep geological repository in
Germany according to the different host rock configurations
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2.3.2 Clay and Claystone

Clay is an unconsolidated sediment mainly consisting of particles smaller than 2 µm.
It is composed of phyllosilicate minerals with traces of metal oxides and organic matter
containing a variable amount of water trapped in the mineral structure. When the clay is
compressed, the sediments consolidate giving room to claystone formations. Even when
both host rocks have many differences, they have similar advantages and disadvantages
for the drilling of a deep geological repository and therefore, can be studied together.

Claystone formations are the favourite option for countries like France (ANDRA
2001), Spain (Gens et al. 2009), and Switzerland (BFE 2008; HSK 2007). Germany is
also considering claystone as potential host rock option (FZKA 2008). Clay formations
as potential host rock are only considered in Belgium (Neerdaela et al. 1998).

The main advantages are a very small permeability and in contrast to salt rock a
very small solubility. This makes clay and claystone formations very resistant to water
penetration. On the other hand side, in contrast to a repository in rock salt, pore water
access to the waste is the expected long-term evolution scenario of a repository in clay
rock. Moreover, even if water ingresses into the drift, this formations still have a very
hight sorption capacity retarding the diffusion of sorbing radionuclides. However, long
lived fission and activation products like 129I and 36Cl are not retained.

However, in contrast to a repository in rock salt, drifts and access galleries of a
repository in soft rock, such as clay and specially claystone, have to be reinforced with
concrete lining with a thickness of several decimetres (Chen et al. 2014; Leon Vargas et al.
2017) increasing the complexity and costs of the construction. Furthermore, their heat
resistance is much lower. This forces to reduce the density of disposed heat producing
waste within one cask (Leon Vargas et al. 2017) and thereby, demands larger storage
capacities.

2.3.3 Crystalline

Crystalline formations include different rocks from magmatic (granite, granodiorite,
syenite etc.) and metamorphic origin (granulite, basalt, etc.). They are characterized by
a block structure on any scale with undulation orientation of the fractures and fracture
zones (Pusch et al. 2015).

Crystalline is considered by countries like Spain (Gens et al. 2009) but as secondary
option. However, some countries must select crystalline as host rock, since no other
domestic formations are available. This is the case of Sweden (Bollingerfehr, Herklotz
et al. 2011) and Finland (Hammer et al. 2009)
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The main advantages of crystalline formations are a high stability, a very low solu-
bility and in principle a good heat resistance.

However, the main disadvantage of the crystalline formations is the hardness and
brittleness of the rock. This gives rise to the formation of water conducting fractures
in case of seismic movements. Usually bentonite barriers are emplaced surrounding
and protecting the container against shear forces. As fracturing cannot be excluded
an thus water access to the container surface must be considered, containers in the
Scandinavian disposal concept are designed with a corrosion resisting copper coating.
This bentonite barriers have temperature restrictions similar to the ones from clay and
claystone formations (Bollingerfehr, Herklotz et al. 2011; Appel et al. 2002).

Table 2.2 compares the main properties of each host rock. As explained above, all
have pros and contras. Therefore, the selection of the ideal host rock is not a simple
task.

To account for possible interactions of the radiation, only the first decimetres of
the drift walls have a relevant impact. Therefore, to study the radiation field and the
personal dose, it is necessary to define only two types of drifts. The ones directly drilled
in the host rock, i.e. rock salt drift, and the ones with a reinforcement of concrete,
i.e. clay, claystone and crystalline. The first one from now on referred as Rock Salt
Drift (RSD). The second one from now on referred as Concrete Lining Drift (CLD).

2.4 Shielding of nuclear waste

In a deep-geological disposal facility or above-ground storage facility of high-level
nuclear waste, the SNF is contained inside a shielding cask. This cask is designed as
a technical barrier to prevent the dispersion of the radioactive nuclides contained in
the nuclear waste as well as to facilitate a proper protection of the workers from radi-
ation (Bollingerfehr, Filbert, Lerch et al. 2011). To properly contain the radionuclides,
a shielding cask should have a good mechanical resistance, high heat conductivity to
dissipate the heat of the SNF outside the cask and resistance to corrosion since water
may come in contact with the cask. To shield the radiation emissions, the cask should
be constructed with materials of high density to attenuate the gamma rays emissions
and moderator materials to reduce the neutron kinetic energy should also be present.

Depending on the disposal facility different concepts of shielding cask have been
developed with characteristics according to the requirements of the disposal option. In
Germany these are the POLLUX® concept for deep geological disposal, the CASTOR
family for transport and above-ground storage and the BSK 3 concept for disposal in
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Table 2.2: Properties of the main host rock candidates to allocate a deep geological
repository.

Property Salt rock Clay Claystone Crystalline
Density 2.11 to 2.19a 2b 2.37 to 2.65c 2.6 to 2.8b
(kg/m3)

Young’s modulus 31.0d 0.2 to 0.4b 3.2 to 15.1e 73.8f
(GPa)

Poisson’s ratio 0.27a 0.43b 0.27e 0.22f
(-)

Bulk modulus 20.70c 0.48 to 0.95c 3.9 to 8.3c 43.90f
(GPa)

Shear modulus 12.40c 0.07 to 0.14c 2.2 to 4.5c 30.2f
(GPa)

Permeability 1.10× 10−21b 3.06× 10−19b 3.50× 10−22e 2.04× 10−11b
(m2)

Thermal conductivity 5.5a 1.69b 1.54 to 1.86e 1.35 to 3.4g
(W/(m K))

a Bräuer et al. (2011)
b Brasser et al. (2008)
c Stahlmann et al. (2015)
d National Research Council (1996)
e Nagra (2002)
f Itasca Consulting Group Inc. (2009)
g Schön (2011)

vertical boreholes in rock salt. Other countries like France have also their concepts like
the C-Overpack for horizontal disposal in claystone boreholes with retrievability option
or the C-1/2 for disposal without retrievability option.

In general, these casks have a double shell design, i.e. the SNF is stored inside an
inner cask to shield the radiation surrounded by a neutron moderator (e.g. polyethylene,
graphite). To preserve the mechanical integrity, this body is contained in a thick cask
of cast iron or analogous materials. In this context, the POLLUX® concept has been
selected since it may be considered as a reference concept for a deep-geological repository
in Germany.

2.4.1 The POLLUX® concept

The POLLUX® cask has a cylindrical shape and it is composed of an external cask of
nodular cast iron and an internal cask of stainless steel. A set of polyethylene rods serving
as neutron moderator is placed inside the external cask. The nuclear waste is then stored
inside the internal cask as shown in Figure 2.4. The maximal loading capacity is the Fuel
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Rods (FRs) of 10 Power Water Reactor (PWR) Fuel Assemblies (FAs) which contains
5.45 tonnes heavy metal (t HM).
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Figure 2.4: Horizontal (top) and vertical (right) cut of a POLLUX® cask according
to (Janberg et al. 1998) and its dimensions. The finned elements are not represented.

Each FA contains 236 FRs with a diameter of 0.93 cm, an active length of 390 cm
and an inactive length of 63.8 cm. A description of the geometrical parameters and
the materials according to the specifications from (Janberg et al. 1998; Filbert, Tholen
et al. 2011) is summarized in Table 2.3. Due to the geometrical complexity and some
uncertainties in the POLLUX® dimensions, the following simplifications are assumed to
model the POLLUX® cask:

• The FRs are not simulated in detail. Instead, the SNF stored inside the internal
cask is assumed as a homogeneous mixture. In general, the Mixed OXide (MOX)
FRs are supposed to be placed in the centre of the cask surrounded by the Uranium
diOXide (UOX) FRs. This arrangement provides an additional shielding for neut-
rons coming from MOX FRs. Hence, a homogeneous mixture will give conservative
results since the MOX SNF (see in chapter 4) is the main contributor to the neut-
ron emissions, is homogeneously distributed and less shielded.
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• Two zones are defined in a FR, i.e. an active zone containing the fuel pellets
and an inactive zone which corresponds to the top and bottom of the FR mainly
composed of zircaloy. The effective density in these zones is calculated according
to Equation 2.1:

ρzone = mzone

Vcanisterzone
, (2.1)

where mzone is the mass of the corresponding zone and Vcanisterzone is the total
volume available in the POLLUX® cask for that zone.

Table 2.3: Material and geometrical parameters of the POLLUX®-cask

Zone Material Density Layer height Radius
(g/cm3) (cm) (cm)

Fuel active zone Spent fuel + Zircalloya -e 390.0 34.50
Fuel inactive zone Zircalloy-4b -e 453.8 34.50

Internal cask Stein Steel MnNic 7.85 508.6 50.55
Neutron moderator rods Polyethylene 0.96 496.9 3.75

Top moderator Graphite 2.10 10.0 34.50
Bottom moderator Graphite 2.1 4.5 50.55

External cask Nodular Cast Irond 7.55 551.7 78.00
a Peiffer et al. (2011)
b Kearns (1967)
c Smailos et al. (1992)
d Kursten et al. (2003)
e Density depends of the mzone according to Equation 2.1

For disposal in RSD, the maximal loading capacity of a POLLUX® cask is the FRs
of 10 PWR FAs, so about 5.45 t HM. A homogeneous mixture of 90 % PWR-UOX
and 10 % PWR-MOX SNF is used as a representative waste inventory according to
the estimated total amount of SNF available in Germany as given by (Peiffer et al.
2011) (the POLLUX® cask with an homogeneous mixture of one MOX FA and nine
UOX FAs herein after referred to as POLLUX-10 ). Due to temperature restrictions of
nuclear waste disposal in formations with a bentonite backfill, for disposal in CLD the
maximum amount of FAs per cask is set to 3, as recommended by Leon Vargas et al.
(2017). Therefore, one POLLUX® cask with an homogeneous mixture of two thirds
PWR-UOX and one third PWR-MOX SNF corresponding to 1 MOX FA and 2 UOX
FAs and 1.64 t HM (herein after referred to as POLLUX-3M) and two POLLUX® casks
with an homogeneous mixture of PWR-UOX corresponding to 3 UOX FAs and 1.64 t HM
(herein after referred to as POLLUX-3U) are employed for simulating emplacement in
CLD. The composition of each cask is resumed in Table 2.4.
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Table 2.4: Percentage of MOX and UOX for each POLLUX®-cask

Cask MOX UOX Density active zonea Density active zonea

(%) (%) (g/cm3) (g/cm3)
POLLUX-10 10 90 5.19 0.95
POLLUX-3M 33 67 1.56 0.29
POLLUX-3U 0 100 1.56 0.29

a Density calculated with Equation 2.1

2.5 Concept of radiological protection and dosimetry

2.5.1 Concept of radiological protection

The ionizing radiation is radiation with enough energy to remove tightly bound elec-
trons from the orbit of an atom during an iteration with it, causing the atom to become
charged or ionized. If these iterations takes place in human tissue they can potentially
inflict damage on biomolecules e.g. the DNA structure, with potential consequences for
health.

The biological effects of the ionizing radiation can be classified in deterministic
and stochastic (see Figure 2.5). Deterministic effects only appear once a determined
threshold level of exposure is exceeded and the severity of damages in human tissue
increases monotonously with the absorbed dose. Examples of them are skin burn, organ
atrophy or changes in the blood composition. Stochastic effects however, are assumed
to follow a statistical risk for a radiation induced disease increasing linearly with in-
creasing dose. A dose threshold in this case is not known to exist. The severity of the
effects however, is not directly dose related. This model is known as Linear no-threshold
model (LNT). The typical example of stochastic effect is the risk of suffering a cancer.
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Figure 2.5: Deterministic and stochastic effects of ionizing radiation



22 Concept of radiological protection and dosimetry

Deterministic effects can be "easily" avoided with the appropriated radiation pro-
tection mechanisms and occupational exposure dose limits since there is a particular
level of exposure associated to them. Stochastic effects however, due to their statistical
origin may present even by the lowest exposition a latent risk. Although the latent risk
due to low radiation exposures is just an assumption, the LNT concept is a provisional
radiation protection concept.

To reduce radiological risks, the ALARA concept (As Low As Reasonably Achiev-
able) is developed. The ALARA concept considers a risk acceptable when a further
reduction of it would imply disproportionated costs (economical, material, etc.) for the
gained benefit. The ALARA concept is based in three principles:

• Distance: Increasing the distance to the radioactive source reduces the received
dose.

• Time: The lower the exposure time the lower the received dose.

• Shielding: The creation of barriers between the source and the irradiated subject
reduces the received dose.

2.5.2 Dosimetry

Dosimetry is the science that takes cares of the measurement of the absorbed dose de-
livered by ionizing radiation and to assess the impact of the radiation dose received by the
human body. Depending on the location of the radioactive source, the dosimetry is di-
vided in external dosimetry, if the ionizing radiation is coming from radionuclides outside
the human body, and internal dosimetry if it is coming from radionuclides incorporated
by the human body. The International Commission on Radiological Protection (ICRP)
and the International Commission on Radiation Units and measurements (ICRU) are the
international organizations in charge of the definition of the dosimetry quantities. The
description of the radiological units below is extracted from (Allisy, Jennings, Kellerer
and Müller 1993; Allisy, Jennings, Kellerer, Müller et al. 1998; ICRP 2007).

In a high-level nuclear waste repository the SNF is contained inside a shielding cask.
Therefore, the assessment of the radiation dose under normal operation conditions, i.e.
when the cask is not damaged and there is no radionuclide release, corresponds to the
external dosimetry. The dose is characterized by the energy of the ionizing energy but
also by the activity of the radionuclides and the radiation type. The activity A defined
as the number of disintegrations in radioactive matter at a given time. It reads to:

A = dN

dt
, (2.2)
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where dN is the number of disintegrations and dt the time interval. It is measured in
desintegration s−1 which is named Becquerel (Bq).

The fluence Φ is the number of particles passing through a medium. It is given by

Φ = dN

da
, (2.3)

where dN is the number of particles and da is the cross-sectional area of a sphere through
which the particles pass. By using a sphere, the area perpendicular to the direction of
each particle is accounted for, so that all particles passing through this volume of space
are included. Fluence is measured in particles cm−2.

The absorbed dose D defined as the energy absorbed by a certain amount of mass
is given by:

D = dε̄

dm
, (2.4)

where dε̄ is the mean energy and dm is a certain mass. It is measured in J kg−1 which
receives the name of Gray (Gy).

The absorbed dose does not take into account the biological impact of the different
radiation types. Instead, the dose equivalent H is used which is defined as:

H = Q ·D, (2.5)

where D is the absorbed dose and Q is the quality factor to weight the relative biological
effectiveness of the radiation defined as a function of the linear energy transfer L∆. It
is measured in J kg−1, which is named Sievert (Sv). The linear energy transfer L∆ of a
material, for charged particles, describes how much energy an ionizing particle transfers
to the material traversed per unit distance. It is given by:

L∆ = dE∆
dl

, (2.6)

where dl is the travelled distance and dE∆ is the energy lost by a charged particle due
to electronic collisions in dl minus the sum of the kinetic energies of all the electrons
released with kinetic energies in excess of ∆. It is measured in J m−1.

Finally, the effective dose E is the sum of the equivalent doses in tissues or organs,
multiplied each one by the corresponding tissue weighting factor. The tissue weighting
factor is a multiplier that accounts for the different sensitivity of organs and tissues in
the body to ionising radiation. The effective dose is given by:

E =
∑
T

wT ·HT , (2.7)
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where HT is the equivalent dose for the tissue T and wT is the tissue weighting factor.
The effective dose is also measured in Sv.

2.5.2.1 Source and far field detection

In (Allisy, Jennings, Kellerer and Müller 1993) the ICRU sphere (Figure 2.6) is
defined as a sphere of 30 cm diameter made of tissue equivalent material with a density
of 1 g/cm3 and a mass composition of 76.2 % oxygen, 11.1 % carbon, 10.1 % hydrogen,
and 2.6 % nitrogen used as a reference phantom in defining dose equivalent quantities.

ICRU SpheredΦ

Figure 2.6: ICRU sphere where d is the depth where H∗(d) is measured .

To calculate the dose equivalent inside the disposal drift, the ambient dose equivalent
H∗(d) can be employed. H∗(d) is defined as the dose equivalent that would be produced
by the corresponding expanded and aligned field, in the ICRU sphere at a depth d on
the radius opposing the direction of the aligned field (see Figure 2.6). H∗(d) is measured
in Sievert.

Sometimes it is desirable to compare exposures with different durations or simply the
length of the radiation exposure is unknown. In these cases the ambient dose equivalent
rate Ḣ∗(d), which is defined as the amount of received H∗(d) in an interval of time, can
be employed. It is given by:

Ḣ∗(d) = dH∗(d)
dt

, (2.8)

where dH∗(d) is the increment of ambient dose equivalent and dt is the time interval. It
is measured in J kg−1 s−1 which is named Sievert per second (Sv s−1).

The operational quantities recommended by (ICRP 2007) for ambient dose equival-
ent are H∗(0.07) for weakly penetrating radiations and H∗(3) and H∗(10) for strongly
penetrating radiations.
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2.5.2.2 Personal dose

The radiation field provides information about the dose distribution in the gallery.
However, a proper assessment requires an estimate of the individual dose received by
the workers. Therefore, the personal dose equivalent Hp(d), which is the dose equivalent
in soft tissue at an appropriate depth d below a specified point on the body, usually the
position of the personal dosimeter, is applied. Like H∗(d), Hp(d) is also measured in
Sievert.

Similar to the ambient dose equivalent, there are situations where the duration of
the exposure is unknown or different exposition times are compared. The personal dose
equivalent rate Ḣp(d), defined as the amount of received Hp(d) in a interval of time is
given by:

Ḣp(d) = dHp(d)
dt

, (2.9)

where dHp(d) is the increment of ambient dose equivalent and dt is the time interval. It
is measured in Sievert per second.

Similar to the ambient dose equivalent, Hp(0.07) (skin dose), Hp(3) (eye lens dose)
and Hp(10) (personal deep dose) are the operational quantities for individual human
dose monitoring recommended by (ICRP 2007).

Two different protection concepts are defined in (ICRP 2007), the constraints and
reference levels and the dose limits. The constraints and reference levels, as illustrated
in Figure 2.7a, define for a source in all exposure situations the radiological protection
requirements. The dose limits concept, as indicated in Figure 2.7b, defines for one person
the maximal amount of dose that should not be exceeded irrespective of its direction.
This amount takes in account the dose received from all regulated sources in planned
exposure situations. Table 2.5 presents the dose limits according to (ICRP 2007).

Since many countries are still using the old limit of 150 mSv for the eye lens, the
10 mm depth is used here as standard to perform ambient and personal dose calculations.
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(a) Constraints and reference levels (b) Dose limits

Figure 2.7: Dose limits contrasted with dose constraints and reference levels for
protecting workers and public

Table 2.5: Recommended dose limits in planned exposure situations (Partially ex-
tracted from (ICRP 2007) )

Type of limit Occupational Public
Effective dosea (E) 20 mSv/yr 1 mSv/yrc

(averaged over 5 years)b

Equivalent dose (Hp(d)) in:
Skind (Hp(0.07)) 500 mSv/yr 50 mSv/yr
Eye lens (Hp(3)) 20 mSv/yre 15 mSv/yr

(averaged over 5 years)b

a Hp(10) should give a conservative estimation even in cases of lateral or iso-

tropic radiation incidence (ICRP 2007)
b With the further provision that it should not exceed 50 mSv in one year
c In special circumstances a higher value could be allow in one year, provided

that the average over 5 years do not exceed 1 mSv/yr
d Average over 1 cm2

e The old limit was 150 mSv it has been reduced in (ICRP 2012) . However

many countries like Germany still use the old limit (BMJV 2001).



Chapter 3

Methods to evaluate radiological
dose

3.1 Approaches to assess dose rates

To assess the dose rates in radiation protection problems, the interaction of particles
with matter is calculated. The transfer of electromagnetic radiation trough a medium
is affected by phenomena like absorption, emission and scattering. A transport equa-
tion describes these interactions. Two methods are available to solve these problems,
deterministic and Monte-Carlo methods. The deterministic methods solve the transport
equation for the average particle behaviour giving complete information throughout the
phase space of the problem (Booth et al. 2003).

Monte-Carlo methods obtain solutions by simulating the track of individual particles
and recording then in tallies. From these, the average behaviour of the physical system
is obtained, in the consider domain. These methods, in contrast with the determin-
istic, provide information about specific tallies requested by the user. Since Monte-
Carlo methods does not use phase space boxes, there are no averaging approximations
required in space, energy, and time. Therefore, it is adequate to solve complicated
three-dimensional, time-dependent problems (Booth et al. 2003).

3.2 Monte-Carlo methodology

Monte-Carlo methods use algorithms to model the probability of different events to
calculate problems, which can be hardly solved with classic analytic methods. Let’s
assume an irregular shaped object (Figure 3.1) with an area Ashape, which is unknown.

27
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If the shape is framed by an square with a well known area Asquare and a number of
particles ntotal are randomly thrown into the square, Ashape is given by

Ashape = Asquare
nshape
ntotal

, (3.1)

where nshape is the number of particles that are inside the irregular shaped object.

yi

y0

x0 xi

Asquare = (yi − y0) · (xi − x0) Ashape =?

Figure 3.1: Example of the Monte-Carlo method to calculate an irregular area.

In general, to calculate the mathematical expectation of a stochastic variable, many
statistical experiments need to be performed. If each of them gives a sample of the
problem, the approximate solution of the problem is the average value of all the experi-
ments. Many problems can be simplified with a probabilistic model. However, to obtain
an adequate solution, the number of experiments must be sufficiently large.

3.2.1 Model approach and numerical means

In a transport problem particles interact with matter where the reaction type between
the projectile particle and target atom follows a probabilistic distribution. Therefore,
these interactions can be sampled with Monte-Carlo methods with a set of random
reactions based on the distribution. Solutions can be obtained by simulating individual
particles and recording their average behaviour at points of interest (tallies). To employ
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Monte-Carlo simulations to solve a radiation transport problem, the following boundary
conditions have to be defined:

• Geometry of the problem, including materials;

• a description of the source and

• physics of the interaction of particles

Based on these conditions, the Monte-Carlo code simulates the transport of particles
emmited by the source and secondary particles through matter with a given geometry,
as illustrated in Figure 3.2, until they leave the geometry of the system or are "killed"
by the physics defined on the problem.

Material 1 Material 2
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Figure 3.2: Sketch of potential interactions of an incident particle transport through
two materials.

Since Monte-Carlo simulations are based on statistical experiments it is necessary to
introduce some random perturbation in the model to generate the different solutions.
This random perturbations are based on random numbers which are usually sampled
from an uniform distribution in [0, 1].

Monte-Carlo codes generate some statistical parameters that a simulation have to
accomplish. This statistical checks give an idea of the reliability of the results. The
description of the statistical parameters and the conditions that they have to achieve
can be found below and are based on (Goorley et al. 2013; Shultis et al. 2010):

• Tally Mean (x): is the average value of the values obtained in each experiment
and is given by:

x ≡ 1
N

N∑
i=1

xi, (3.2)
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where N is the total Number of Particles per Simulation (NPS) and xi are the
obtained values for each source particle. For a reliable result, the values should
monotonically converge to a value, except near the beginning of the simulation.

• Relative Error (R): The relative error estimates the uncertainty of the tally
mean and is given by:

R ≡ Sx
x
,

where Sx is the standard deviation of the tally mean and x is the tally mean. The
value of R is determined by the scoring efficiency and the dispersion in non-zero
scores. Therefore, R is defined as:

R2 = R2
eff +R2

int, (3.3)

where Reff measures the spread caused by scoring inefficiency (if every source
particle contributes to the tally Reff = 0) and Rint measures the uncertainty
produced by the spread of non-zero scoring events (if all the scoring particles
produce the same score Rint = 0).

To be acceptable, the value of R should be lower than 0.1 (10 %) except for point
detector tallies (see next section) that should be lower than 0.05 (5 %) and should
decrease monotonically with N as 1/

√
N , except near the beginning of the simu-

lation.

• Figure of Merit (FOM): It is an estimator of the efficiency of the simulation.
It takes in account the simulation time and the obtained error. It is defined by:

FOM = 1
R2T

, (3.4)

where T is the running time. Since T and R both depend of the total NPS, to be
acceptable the FOM should remain relatively constant except near the start of
the simulation and not exhibit oscillations.

• Variance of the Variance (V OV ): Gives the accuracy of R and is defined as:

V OV = S2(S2
x)

S2
x

=
∑N
i=1(xi − x)4[∑N
i=1(xi − x)2

]2 − 1
N
, (3.5)

where S2(S2
x) is the variance of S2

x. Since the V OV includes third and fourth
moments of the tally distribution it is more sensible to fluctuations for large his-
tory scores. To be acceptable the FOM should be lower than 0.1 and decrease
monotonically as 1/N , except near the beginning of the simulation.
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Although the statistical checks provide an indication of the results reliability they
cannot be directly considered as a proof of the validity of the results. Errors in the
geometric configuration or rare events are not detected by the tallies. Therefore, the
user has to understand the physics of the problem to avoid these errors (Goorley et al.
2013).

3.2.2 Monte-Carlo Codes

Several general purpose Monte-Carlo codes are available to calculate radiation trans-
port problems. In this work, the Monte Carlo N-Particle (MCNP) code developed and
maintained by Los Alamos National Laboratory and the MONACO module from the
SCALE package developed by the Oak Ridge National Laboratory have been employed.

MCNP deals with the transport of neutrons, gamma rays, and coupled transport
phenomena like the transport of secondary gamma rays resulting from neutron interac-
tions. The MCNP code can also treat the transport of electrons, both primary source
electrons and secondary electrons created in gamma-ray interactions. As described in
their homepage (LANS 2010) "specific areas of application include, but are not lim-
ited to, radiation protection and dosimetry, radiation shielding, radiography, medical
physics, nuclear criticality safety, detector design and analysis, nuclear oil well logging,
accelerator target design, fission and fusion reactor design, decontamination and decom-
missioning."

MCNP has a powerful capacity to process geometries, allowing to represent complex
structures. In difference with other codes, MCNP does not require programming skills
since the MCNP input consists of a list of predefined commands to define the geometry,
physics, source and boundary conditions. These characteristics make MCNP one of
the most used programs for transport calculations. In this work, the last version of
MCNP, MCNP6 (Goorley et al. 2013) which is the combination of the codes MCNP5
and MCNPX (Monte-Carlo N-Particle eXtended) has been used.

MONACO deals with transport of neutrons, gamma rays, and coupled transport, like
the transport of secondary gamma rays resulting from neutron interactions. As described
in the manual (Rearden et al. 2016) "Monaco was developed to address a number of
long-term goals for the Monte-Carlo shielding capabilities in SCALE. The principal
goals for this project included (1) unification of geometric descriptions between the
SCALE shielding and criticality Monte-Carlo codes, (2) implementation of a mesh-based
importance map and mesh-based biased source distribution so that automated variance
reduction could be used, and (3) establishment of a code using modern programming
practices from which to continue future development."
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MCNP is specially designed for Monte-Carlo problems while MONACO is part of
a larger software package that can perform many other nuclear problems. Although
both programs can solve almost the same problems, MCNP provides in general a more
intuitive input, making its use easier. Moreover, parallel computing of MCNP is more
developed than in MONACO making calculations faster. Finally, MCNP presents a
larger variety of tallies. These characteristics make MCNP more preferable to perform
the calculations of this thesis. However, the main reason to also use MONACO is that it
can be easily coupled with other modules from the SCALE package. The latest version
of SCALE, SCALE 6.2 (Rearden et al. 2016) includes the SAMPLER module which, as
described in section 3.3, is developed to perform uncertainty analysis.

3.2.3 Concept of tally

Tallies are provided by the user to define in Monte-Carlo code which information
(fluence, energy, etc.), for which particles (neutrons, photons, electrons...), and in which
position (cell, surface) should be investigated. Tallies register all the requested inform-
ation and give a human-readable output. MCNP has 8 different tallies (numerate from
F1 to F8) each of them with two possible units (denominated by F and *F). For the
tallies employed in this work, a brief description based on (Booth et al. 2003; Shultis
et al. 2010) can be found below.

• Average Cell Flux Tally (F4): It measures the average flux Φ of neutrons,
photons, electrons or neutrons and photons in a cell normalized per source particle.
If a particle of weight W and energy E travels through a certain track length Tl
inside a cell of volume V it makes a contribution W Tl

V to the flux in the cell. If
Φ(r, E,Ω) is the fluence with a given energy and angular distribution as a function
of the position, the F4 tallies would measure:

F4 = 1
V

∫
V
dV

∫
E
dE

∫
4π
dΩ Φ(r, E,Ω), (3.6)

∗F4 = 1
V

∫
V
dV

∫
E
dE

∫
4π
dΩ E Φ(r, E,Ω), (3.7)

where F4 is measured in #/(cm2 source particle) and ∗F4 in MeV/(cm2 source particle).

• Point Detector Tally (F5): It measures the average flux of neutrons or photons
in a specific point in space, normalized per source particle. This tally uses the “next
event estimator” technique, which for each source particle and each collision event
performs a deterministic estimate of the fluence contribution at the detector point.
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The main advantage of this tally is that it requires a much lower NPS to obtain
good statistical results, but it has to be used carefully or can give wrong results.

If a particle of energy E and weight W travels a distance R from the source (or
collision event) to the detector its contribution to the fluence at the detector point
is given by:

W p(Ω̂p)e−λ
R2 , (3.8)

where p(Ω̂p) is the probability density function for scattering (or starting) in the
direction Ω̂p towards the point detector and λ the total number of mean free
paths from particle location to detector. If Φ(rp, E, Ω̂) is the energy and angular
distribution of the fluence as a function of position, the F5 tallies would measure:

F5 =
∫
E
dE

∫
4π
dΩ Φ(rp, Ω̂, E), (3.9)

∗F5 =
∫
E
dE

∫
4π
dΩ E Φ(rp, Ω̂, E), (3.10)

with F5 and ∗F5 measured in #/(cm2 source particle) and MeV/cm2persource/particle,
respectively.

The main limitation of the F5 tally is that it has to be located in a uniform
medium where particles do not suffer to much interactions. Therefore, it is mainly
recommended for calculations in vacuum and air (Goorley et al. 2013).

• Energy Deposition Tally (F6): It measures the deposited energy of neutrons,
photons or neutrons and photons in a cell normalized per source particle. If a
particle of weight W and energy E travels a certain track length Tl inside a cell of
atom density ρa and mass m its contribution to the energy deposition in the cell
is given by:

W Tl θf (E) H(E) ρa
m
, (3.11)

where θf (E) is the total microscopic cross section of the cell and H(E) the heating
number. Both quantities are energy dependent. If Φ(r, E,Ω) is the energy and
angular distribution of the fluence as a function of position, the F6 tallies would
measure:

F6 = ρa
m

∫
V
dV

∫
E
dE

∫
4π
dΩ θf (E) H(E) Φ(r, E,Ω), (3.12)

∗F6 = 1.602 19× 10−22 ρa
m

∫
V
dV

∫
E
dE

∫
4π
dΩ θf (E) H(E) Φ(r, E,Ω), (3.13)

where F6 and ∗F6 are measured in MeV/(g source particle) and jerk/(g source particle),
respectively.
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MONACO has tallies that are equivalent to F4 and F5. These are named point
detector tally and region tally, see (Rearden et al. 2016). Since their physics and units
are the same as the described for the MCNP tallies, no further explanation is required.

3.2.4 Variance reduction techniques

For deep penetration problems or problems with very large geometries analogue sim-
ulations require a large amount of NPS to obtain acceptable results, since many of them
are not able to reach the tally detectors increasing the value of Reff in Equation 3.3.
This holds even if paralleling computing can divide this work in many processors and
therefore, reduce considerably the calculation time. In this case the so called "variance
reduction techniques" (Goorley et al. 2013) are employed. These techniques modify the
simulation process making certain events more or less probable than occurring physic-
ally (non-analogue simulations). Variance reduction techniques reduce the error of the
simulations by increasing the scoring efficiency and hence reducing Reff and decreasing
the spread in non-zero scores making Rimp to decrease (see Equation 3.3).

Lets assume a volumetric source producing photons and a 26 cm shielding of stainless
steel divided in 13 slides of 2 cm as shown in Figure 3.3. If an analogue simulation is
performed almost no photon arrives to the tally detector (slide 14) as listed in Table 3.1.
A possible approach to solve the problem is to increase the NPS until enough particles
arrive to the detector to obtain reliable results. The disadvantage of this method is that
for deep shielding, the necessary NPS could be unmanageable large for the computer.
Hence, the simulation would take so long time that it would be impractical.

Source Shielding

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 3.3: Source and shielding slides to keep a constant population with the "Geo-
metry Splitting" method
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Table 3.1: Photons in each cell for a 1× 105 particle simulation

Slides according to Analogue simulation Geometry splitting
Figure 3.3 Impn = 1 Impn = 2 · Impn−1

1 182 189 182 757
2 5685 11 852
3 3172 13 294
4 1648 13 896
5 858 14 508
6 458 14 940
7 224 14 874
8 115 14 583
9 55 14 236

10 30 14 158
11 15 13 824
12 9 13 242
13 5 13 360
14 0 13 422

Many variance reduction techniques like "geometry splitting", "weight windows" or
"virtual source generation" (Goorley et al. 2013) are provided by MCNP6 to solve this
problem in a non-analogous way. One of the simplest ones to apply is the geometry
splitting. Using geometry splitting, a weighting is assigned in the following way: regions
near the tallies are correlated with a greater importance than regions farther away. When
a particle leaves a region it is split/killed according to the importances ratio adjusting
the weight of the remaining particles to leave the tally unbiased. Table 3.1 shows for the
described shielding problem the NPS applying geometry splitting in each slide. In this
example, the importance of the surviving particles is duplicated in each slide keeping the
population approximately constant. Although very easy to apply, the main disadvantage
of this method is that the geometry has to be rewritten several times until the proper
configuration is reached.

The weight window method is similar to the geometry splitting but instead of dividing
the geometry, a mesh is superimposed to represent the slides. The advantage of this
feature is that the geometry does not need to be changed to adjust the importance since
it is done automatically by MCNP6. However, this technique reveals two disadvantages.
The first one is that this method cannot be applied in just one simulation. Instead, a
sequence of simulations modifying parameters like density of the materials is required to
allow some particles to reach the detector in order to estimate the required importance
for the final simulation. The second disadvantage is that the user has no control of the
importance variation leaving this decision to the program.



36 Uncertainties and sensitivity analysis methodology

Another different approach is to use a virtual source. With this variance reduction
technique only the interactions in a delimited geometry are calculated in the first simu-
lation (for example inside the shielding cask) and the information of all particles which
cross the outer surface are saved to a file. This file can be used as a virtual surface
source in other simulations, while translations can be applied to other canisters of the
same type and same source. However, this method has also some disadvantages. First,
it cannot be applied if the geometry is strongly modified. For example, the cask cannot
be simulated in void and later inside a disposal drift. Second, the virtual source needs
to save a large amount of particles information to have reliable results in the following
simulations. This is intrinsically associated to a very large calculation time and data
file.

Since in this work three different cask configurations are studied (POLLUX-10,
POLLUX-3M, and POLLUX-3U ) and for each one neutron, gamma and beta sources
are required (see chapter 4) the virtual source technique and the weigh windows tech-
nique does not save considerable time since 9 different sources have to be calculated.
Moreover, the simulations performed in this work do not take place always in the same
drift and simulations in vacuum are also performed. Although, the materials of the
studied drifts are not always present (cask simulated free in air) they have always the
same geometry. For the geometry splitting this is an advantage since the same splitting
can be employed for all of them. Therefore, this technique has been chosen to perform
the required non-analogue simulations.

3.3 Uncertainties and sensitivity analysis methodology

According to (Helton et al. 2002) uncertainties can be divided in two categories de-
pending on their origin. Some uncertainties arise from the random nature of the system
behaviour and cannot be reduced. These are the aleatory or stochastic uncertainties.
However, a second source of uncertainties is the lack of knowledge of a certain para-
meter. These uncertainties are called subjective or epistemic and can be reduced if new
knowledge is provided. Depending on the origin of these uncertainties and how import-
ant they are for the studied process, they can have a higher or a lower impact in the
obtained results. This is called sensitivity.

For Monte-Carlo radiation transport problems the main sources of epistemic uncer-
tainties are:

• Uncertainties due to simplifications of the simulated geometry and material com-
position model. For example, elimination of some elements present in the reality,
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assumption of hypothesis or homogenization of some terms like density or temper-
ature (up to now referred as "physical uncertainties").

• Uncertainties due to the nuclear cross sections. Monte-Carlo codes base their cal-
culation on nuclear data libraries like the Evaluation Nuclear Data File (ENDF)
(Chadwick et al. 2011), the Joint Evaluated Fission and Fusion (JEFF) (Kellett
et al. 2009) or the Japanese Evaluated nuclear data library (JENDL) (Nakagawa
et al. 1995). Therefore uncertainties on them can affect the results. (this uncer-
tainties will be up to now refereed as "numerical uncertainties").

An uncertainty and sensitivity analysis can be divided in two parts. First, it is
necessary to determine which variables may have uncertainties. Second, an evaluation
of the effect that variations in these variables have on the results is required. According
to the origin of the uncertainties, i.e. numerical or physical uncertainties, different
approaches are possible.

To study the sensitivity of the physical uncertainties, the results obtained with the
code have to be compared against experimental data. This allows to determine if the
assumed simplifications have an important impact on the results. To study the sensit-
ivity of the numerical uncertainties, an analysis including systematic variations of the
cross section libraries are performed to evaluate their effect on the solution.

3.3.1 Uncertainty analysis codes

To study the physical uncertainties no especial code is required since their source is
the simplifications and assumptions performed by the user when modelling the reality.
Therefore, to study these uncertainties MCNP6 is used.

Although MCNP6 can be used to study the numerical uncertainties, the cross section
libraries have to be perturbed manually, which is extremely time consuming and a high
risk of errors. For this purpose, many codes are available to perform these perturbations
and the corresponding analysis automatically.Here, the SAMPLER module from the
SCALE package is taken. As described in the manual (Rearden et al. 2016) "Sampler is
a “super-sequence” that performs general uncertainty analysis for SCALE sequences by
statistically sampling the input data and analysing the output distributions for specified
responses."

The main advantage of SAMPLER in comparison to other similar codes is that it can
be easily combined with the Monte-Carlo module MONACO. SAMPLER performs ran-
dom perturbations for nuclear cross sections and depletion data, which are pre-computed
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by sampling covariance information and are stored in libraries read by the MONACO
module to perform the Monte-Carlo calculations.

3.3.2 Definition of cross section data perturbations for transport cal-
culations

Although the nuclear data libraries are continuously improved as new experimental
data are available, the uncertainties of the measurements and the theoretical parameters
still limit their precision. Therefore, it is of interest to analyze if variations of these
libraries impact the solution of the transport problem.

The nuclear data files for MONACO are obtained from the AMPX library (Wiarda
et al. 2016) based on the ENDF library and is distributed together with SCALE. Ac-
cording to the SCALE manual (Rearden et al. 2016), to generate perturbations in the
cross section libraries SAMPLER assumes that the probability density functions are
multivariant normal distributions with covariances given in the SCALE nuclear data
covariance library. Multiplicative perturbation factors for fission product yields are gen-
erated by sampling the covariances for the independent yield uncertainties of the ENDF
library. A random multiplicative perturbation factor for a cross section can be defined
as

Qx,g = 1 + ∆σx,g
σx,g

(3.14)

where σx,g is the cross section for the nuclide/reaction x and the energy group g.
SAMPLER contains a master sample file with perturbation factors for 1000 samples.
Each sample contains perturbation factors for all groups and reactions in all materials.
The advantage of this master file is that is not necessary to perform the data sampling
during the execution of SAMPLER, making calculations faster.

For each simulated case, SAMPLER selects random multiplicative perturbation
factors to redefine the cross sections. Therefore, the cross sections for simulation i

are defined as:
σix,g = Qix,g · σx,g. (3.15)

Currently SAMPLER has two important limitations. First, perturbations are lim-
ited only to multi group cross section libraries and SAMPLER is not able to perform
calculations with continuous energy cross section libraries. The second limitation is
that the user has no control to determine which isotopes and libraries are going to be
perturbed.
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3.4 Application to external dosimetry

3.4.1 Monte-Carlo approach

Monte-Carlo codes are a powerful tool to perform calculations in external dosimetry.
As concluded in (Behrens 2010), Monte-Carlo methods provide a more realistic ap-
proximation to the ICRP recommendations than the analytic methods. Monte-Carlo
methods can include in the calculations all the relevant parameters for the results, i.e
it handles the non-linear functions of the input quantities and can define better the
physics and geometries of the problem. Some of the applications of Monte-Carlo codes
to external dosimetry include:

• Dose distribution calculations: Monte-Carlo codes allow calculating dose at differ-
ent positions or even the use of a mesh-based tally to obtain an evolution of the
dose.

• Personal dose estimation: The procedures employed to estimate personal dose of
occupational exposure are generally based on averaged measurement data. Moreover,
doses received by the workers are recorded during working activities and after-
wards, an assessment of the radiological risk can be performed. Monte-Carlo codes
allow estimating the dose received before the working activities are performed.

• Dosimeter simulations: Response characteristics of the dosimeters can be simulated
with Monte-Carlo codes to determine if they are appropriate for a certain radiation
field. It allows also developing and testing new dosimeters without constructing
them.

The study of the dose distribution and the personal dose estimation by means of
MCNP6 utilization are subject of chapter 7.

3.4.2 Sensitivity and uncertainty analysis approach

When performing calculations to assess external dosimetry, many uncertainties are
present. A proper quantification of them is necessary to provide an interval of confidence
in the simulations. To consider the results of the dose assessment in this work as reliable
the following questions have to be answered

1. Can the code properly represent the neutron-gamma mixed radiation field even
after been shielded?
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2. Do simplifications still provide a representative model?

3. Have perturbations on the cross sections an important impact on the calculated
results?

The first and second questions are addressed in chapter 5 and are part of the labor-
atory approach (section 1.2) while the third aspect is discussed in chapter 6 and corres-
ponds to the numerical approach.



Chapter 4

The high-level nuclear waste
inventory in a POLLUX® cask

4.1 Introduction

In this chapter, the radionuclide source term to represent the SNF for the simulations
with MCNP6 and SCALE are defined. The inventory provided in (Peiffer et al. 2011)
is composed of hundreds of different isotopes, but many of them exhibit quite small
activities. Therefore, only those isotopes, which contribute significantly to the total
activity of the spent fuel, are considered in the source term definitions. Unloaded SNF
will usually remain several years in a spent fuel pool before being stored in an interim
storage. Even in the most optimistic scenario, the SNF will stay at least 40 years in
the fuel pools before it can be disposed in the final disposal repository and some years
will be required to prepare and transport it to its final location. Therefore, the SNF
is considered to be 50 years old counting from the unloading from the reactor core and
with an average burn-up of 55 GW d/(t HM). This duration corresponds to an assumed
interim storage time before disposal of SNF in a deep geological disposal facility, which
is planned according to BMUB (2015) from 2050 on.

Three different particle sources are calculated for each cask, i.e. neutron source,
gamma source and beta source. Photons are strongly attenuated by the POLLUX®

materials and inventory, but they reveal the highest activity. Therefore, they may
represent a strong contribution to the total radiation dose. Neutrons generally show a
lower attenuation, moreover their interaction with materials, like the iron of the shielding
cask or the environment, can produce neutron-induced photons which also contribute
to the total dose. Beta particles can hardly reach the outside of the POLLUX®, as
they range of influence is only a few mm in solid matter. But bremsstrahlung-photons
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produced by their interactions with the POLLUX® materials and environment increase
the total radiation contribution.

The inventory from Peiffer et al. (2011) provides data for all the isotopes in the
MOX and UOX FAs, the gamma and beta activity in Bq/(t HM) and the mass in
g/(t HM) for different time intervals after the unloading from the reactor. However, no
information about neutron activity is provided. Hence, to calculate the activity and
other parameters like heat rate, the on-line program Nucleonica (Nucleonica 2014) is
taken. For each cask (as described in section 2.4), the corresponding mixture of MOX
and UOX, i.e. 10 % and 90 % for POLLUX-10, 33 % and 77 % for POLLUX-3M and
0 % and 100 % for POLLUX-3U, is assumed in form of isotopical mass in Nucleonica.
Appendix B includes a list of the nuclides being considered to describe the material
composition of each cask in MCNP6 and SCALE. Although many of these nuclide have
none or negligible activities and do not affect to the source term characterization, their
abundance is high enough to have an influence on the behaviour of the emitted particles
moving through the SNF.

4.2 Neutron source

Table 4.1 shows the main contributors to the neutron emission according to Nucleon-
ica. Since Nucleonica does not provide neutron spectra, the code SOURCES-4C (Wilson
et al. 2002) is complementary used. SOURCES-4C is a code system that determines
neutron production rates and spectra from (α,n) reactions, Spontaneous Fission (SF),
and delayed neutron emission due to radionuclide decay. The (α,n) spectra are calcu-
lated using an isotropic angular distribution with a library of 107 nuclide decay α-particle
spectra, 24 sets of measured and evaluated (α,n) cross sections and product nuclide level
branching fractions, and functional α-particle stopping cross sections for effective atomic
numbers Z < 106. The delayed neutron spectra are taken from an evaluated library of
105 precursors. Figure 4.1 shows the data flow of SOURCES-4C.

The user introduces in tape1 the atom fraction (at%) of the elemental constituents
present in the material (to simplify only oxygen and uranium are considered since they
represent more than 95 % of the total at%), the atom density (atoms/cm3) of the source
nuclide to be evaluated (see nuclides column from Table 4.1), the at% of the target
nuclide (17O and 18O) and the neutron energy groups for the plotting spectra. The
tapes2 to 5 provide the cross section libraries and the necessary data to perform the
calculations. out, out2 and tapes6 to 9 provide the results of the calculations. Tape7
provides the output spectra, the activity (in n/(s cm3)) and the contribution of each
nuclide to the total activity.
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Table 4.1: Main contributors to neutron emission for each cask according to Nucle-
onica

Nuclide POLLUX-10 POLLUX-3M POLLUX-3U
(n/s) (n/s) (n/s)

238Pu 5.71× 106 2.80× 106 1.26× 106

240Pu 2.62× 107 1.47× 107 5.00× 106

242Pu 1.52× 107 8.65× 106 2.87× 106

244Cm 2.00× 109 1.31× 109 3.05× 108

246Cm 9.07× 107 6.17× 107 1.29× 107

Sum 2.14× 109 1.40× 109 3.27× 108

% total neutron emission 99.94 % 99.92 % 99.95 %

SOURCES 4C

tape1
user input file

tape3

target (α,n) cross
section library

tape2

stopping cross

section expansion

coefficients library
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tape5

source decay
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summary
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spectral

information

tape7
absolute
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spectra
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neutron

source

magnitude

tape8

normalized

neutron
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tape9

neutron
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product level

Figure 4.1: Schematic diagram of the data in-/output flow of the SOURCES-4C
program.

Figure 4.2 shows the neutron emission probability of the SNF as a function of the
neutron energy for each cask inventory (a tabular description can be found in Ap-
pendix B). Although all three cask compositions exhibit similar spectra, the contribution
to the neutron emissions is different for each cask. For the considered fuel inventory,
Table 4.2 shows the contribution of each nuclide to the total neutron activity. For
POLLUX-10 the main contributor to neutron emissions is the SF of 244Cm (93 % of
the total emission) and 246Cm (5 % of the total emission), while the contribution due
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to (α,n) reactions is negligible. For POLLUX-3M, the contribution from 244Cm and
246Cm SF is 92 % and 5 %, respectively, while the contribution due to (α,n) reactions
mainly stemming from interactions with 18O, is 2 %. For POLLUX-3U, due to the ab-
sence of MOX the contribution from 244Cm and 246Cm SF decreases to 90 % and 4 %,
respectively, while the contribution due to 18O (α,n) reactions increases to almost 3 %.
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Figure 4.2: Neutron energy normalized distribution of SNF used as radiation source
for simulations with the different casks

SOURCES-4C calculates the activity in n/(s cm3). Hence, to obtain the real activity
in n/s it must be multiplied by the volume of SNF in the cask. According to the
characteristics of FAs described in section 2.4 the volume of SNF for POLLUX-10,
POLLUX-3M, and POLLUX-3U is 6.25× 105 cm3, 1.88× 105 cm3 and 1.88× 105 cm3,
respectively. Therefore, the total neutron source strength for the POLLUX-10 inventory
is 2.13× 109 n/s, while those for the POLLUX-3M and POLLUX-3U are 1.42× 109 n/s
and 3.34× 108 n/s, respectively.

4.3 Gamma source

From the isotopical composition Nucleonica calculates the gamma activity for each
nuclide. However, sorting the nuclides according to their activity is not the proper way
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Table 4.2: Main contributors to neutron emission for each cask according
SOURCES-4C

Isotope POLLUX-10 POLLUX-3M POLLUX-3U
(n/(s cm3)) (n/(s cm3)) (n/(s cm3))

Spontaneous Fission
238Pu 9.11× 100 (0.300 %) 1.49× 101 (0.200 %) 6.69× 100 (0.400 %)
240Pu 4.24× 101 (1.30 %) 7.94× 101 (1.10 %) 2.71× 101 (1.50 %)
241Pu 2.44× 101 (0.700 %) 4.63× 101 (0.600 %) 1.54× 101 (0.900 %)
244Cm 3.17× 103 ( 93.2 %) 6.91× 103 (91.5 %) 1.61× 103 (90.2 %)
246Cm 1.57× 102 (4.60 %) 3.57× 102 (4.70 %) 7.48× 101 (4.20 %)

(α,n) reactions
17O 6.45× 10−2 (0.200 %) 1.18× 101 (0.200 %) 4.24× 100 (0.200 %)
18O 7.55× 10−1 (0.0100 %) 1.38× 102 (1.80 %) 4.95× 101 (2.80 %)
Total 3.40× 103 7.55× 103 1.78× 103

to evaluate their contribution to the gamma emission since some of them have a high
activity but their gamma energies are too low. Instead the decay heat can be employed
since it implies also the energy of the emitted gamma rays. Table 4.3 shows for each
SNF composition, the resulting gamma decay heat and the corresponding activity for
the main contributors. Also included in the table is their decay heat sum together
with the percentage they represent from total gamma heat generation. For the three
compositions, 137mBa represents the main contribution to the gamma decay heat release,
while 154Eu and 241Am contribute less than 1 %. Other nuclides exhibit negligible heat
production.

Table 4.3: Main contributors for each cask to gamma decay heat rate (in W) and
their gamma activity (in Bq) according to Nucleonica

Nuclide POLLUX-10 POLLUX-3M POLLUX-3U
(W) (Bq) (W) (Bq) (W) (Bq)

137mBa 1.0× 103 1.0× 1016 3.0× 102 3.2× 1015 3.0× 102 3.1× 1015

154Eu 8.8× 100 4.4× 1013 4.2× 100 9.5× 1014 2.4× 100 1.2× 1013

241Am 7.7× 100 1.8× 1015 3.2× 100 1.6× 1013 1.5× 100 3.5× 1014

Sum 1.02× 103 3.1× 102 3.1× 102

% total 99.85 % 99.74 % 99.88 %

MCNP6 and SCALE require the gamma source as a discrete distribution with one
probability for each energy emission. Nuclear libraries like ENDF, JEFF or JENDL
provide for each nuclide the gamma emission probability. To adjust the probabilities Pi
to the activity of each nuclide for the MCNP6 and SCALE inputs Equation 4.1 is used:
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PSNFi (Ei) = Pi(Ei) ·Aisotope
n∑

isotope=1

(
n∑
i=1

Pi(Ei) ·Aisotope
) , (4.1)

where Pi(Ei) is the probability for each gamma emission energy of each isotope
extracted from the ENDF libraries and Aisotope is the activity of each isotope (see
Table 4.3).

Figure 4.3 shows the probability of each gamma energy of 241Am, 154Eu and 137mBa
for each cask (a tabular description can be found in Appendix B). For all the config-
urations, the main contribution to the gamma emission from the decay of 137mBa (65 %
for POLLUX-3M , 90 % for POLLUX-10 and 95 % for POLLUX-3U ). The remaining
fraction of the gamma emission depends strongly of the cask configuration.

Figure 4.3: Normalized gamma emission as a function of the emission energy for
241Am, 154Eu and 137mBa for the different casks.
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4.4 Beta source

Beta particles can hardly reach the outside of a POLLUX® cask, but bremsstrahlung-
photons produced by their interactions with the cask structure material and inventory
can produce γ-radiation. As for the gamma source, the decay heat released is used as
criterion to select the main contributors to the beta emissions. Table 4.4 shows the most
relevant β emitting isotopes together with their activity for the three cask configurations.
Since each nuclide has its specific beta spectrum, Eckerman et al. (1994) and Burrows
(1988) provide energy emission vs. probability distribution tables that can be directly
used as input. Figure 4.4 shows the beta spectra of 90Y, 137Cs and 90Sr. To account
the SNF in each cask, the spectra are multiplied by their corresponding activity, which
is shown in Table 4.4.

Table 4.4: Main contributors for each cask to beta decay heat rate (in W) and their
beta activity (in Bq) according to Nucleonica

Nuclide POLLUX-10 POLLUX-3M POLLUX-3U
(W) (Bq) (W) (Bq) (W) (Bq)

90Y 1.0× 103 6.7× 1015 2.7× 102 1.8× 1015 3.2× 102 2.1× 1015

137Cs 3.3× 102 1.1× 1016 1.0× 102 3.3× 1015 1.0× 102 3.3× 1015

90Sr 1.8× 102 6.6× 1015 4.8× 101 1.7× 1015 5.8× 101 2.1× 1015

Sum 1.5× 103 4.1× 102 4.8× 102

% total 92.34 % 90.45 % 92.83 %
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Figure 4.4: Beta emission probability SNF used as radiation source for the simulations
with different casks





Chapter 5

Approach for dose calculations
using a neutron generator

5.1 Goals

This chapter deals with the TUD-NG and the corresponding MCNP6 simulations.
As described in section 3.3, to perform a proper Monte-Carlo evaluation of the dose
rate and personal dose around a SNF shielding cask, it is necessary to contrast the
numerical results with experimental data to determine their reliability, i.e. if the code
is able to reproduce the results and if the simplifications of the model affect to these
results. However, since detailed information about the SNF content of such casks is
confidential, measurements of the radiation fields around a shielding cask with SNF
cannot be compared to their respective simulations. Instead, to assess the modelling and
simulation approaches, experiments with a set-up consisting of materials and radiation
similar to a shielding cask are performed.

Therefore, a neutron source able to produce neutrons in an energy range close to
the SNF is used. In this context, a neutron generator is chosen since it is able to
emit neutrons in a well-defined energy range. Therefore, the TUD-NG, located at the
Helmholtz Zentrum Dresden Rossendorf (HZDR) is employed. There, 2.5 MeV neutrons
are produced to represent the average neutron energy stemming from SNF and a detector
measures the neutron and gamma radiation.

Since simulations are an approximation of the performed experiments, some differ-
ences are expected between measurements and simulations. Moreover, the simulation of
a neutron generator source is not trivial, since it has an angular dependence that cannot
be directly calculated by MCNP6. Instead an approximation must be employed. Hence,
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the main objective of this chapter is to establish a laboratory approach that aims at
demonstrating the reliability of calculations and their uncertainty, which are then used
in the subsequent chapters as verified and validated simulation route.

5.2 Experimental set-up

5.2.1 Description of the TUD-NG facilities and the conducted exper-
iments

Here, the neutron generator located at the facilities of the HZDRis employed. It
is a Cockroft-Walton type deuterium accelerator with a terminal deuteron energy of
320 keV and a peak current of 10 mA. The generator is able to operate in two modes,
continuous and pulsed. A detailed description can be found in (Klix et al. 2011). If a
tritium-titanium target is used it generates neutrons with energies of up to 14.1 MeV
(Equation 5.1 Kikuchi et al. 2012). However, if a deuteron-titanium target is employed
neutrons with energies of 2.45 MeV (Equation 5.2 Kikuchi et al. 2012) and protons with
energies of 3.02 MeV (Equation 5.3 Kikuchi et al. 2012) are produced.

2
1H + 3

1H −→ 4
2He (3.5MeV ) + 1

0n (14.1MeV ), (5.1)

2
1H + 2

1H −→ 3
2He (0.82MeV ) + 1

0n (2.45MeV ), (5.2)
2
1H + 2

1H −→ 3
1H (1.01MeV ) + 1

1H (3.02MeV ). (5.3)

A source able to produce neutrons close to the ones emitted by the SNF inside a
POLLUX® cask (see Figure 4.2) is desired, which requires the use of a deuteron target.

The target of the neutron generator is located in the centre of a shielding room, on a
platform equipped with open mesh flooring to minimize the possible backscattering ra-
diation. Furthermore, since background radiation can also be measured by the detector,
a housing consisting on bricks of polyethylene is built around the detector to enhance
its reduction. The basic set-up is displayed in Figure 5.1.

To perform the experiments, the opening in the housing (empty in Figure 5.1b) is
filled with different materials. Shielding plates of steel S355MC (Comité Européen de
Normalisation 2013) and polyethylene are interposed between the neutron target and the
detector. To determine the thickness of the shielding plates, simulations are performed
with MCNP6. For this simulations, a F5 Tally (see section 3.2) is modelled in air at
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Figure 5.1: Experimental set-up where the Y axis points in the direction of the neutron
beam.

25 cm distance from a 2.5 MeV neutron point source to register the flux. If the thickness
of the interposed plates is too small, no significant flux difference is observed. However, if
it is too thick a small amount of particles hit the detector producing poor quality results.
Hence, placing a shielding materials (polyethylene or steel) between the neutron source
and the tally position should reduce the flux by about one order of magnitude. Simula-
tions performed for different combinations of polyethylene and steel S355MC show that
10 cm polyethylene reduce the flux approximately by one order of magnitude. Applying
additional 8 cm steel reduces the flux further by the same amount. When performing
the experiments, the distance between the deuterium target of the neutron generator
and the detector (y-direction) is set due to technical reasons to 35.5 cm instead 25 cm.
Plates of polyethylene with an area of 15 cm x 15 cm and a thickness of 1 cm and plates
of steel S355MC with an area of 15 cm x 15 cm and a thickness of 0.5 cm are employed
to built the different shieldings. In total, four different experimental configurations have
been designed: (See their corresponding MCNP6 models in Figure 5.2)

• Detector alone: Detector free in air without any housing (Figure 5.2a).

• Housing: A housing consisting of bricks of polyethylene is built around the de-
tector. Its function is to reduce the nonspecific background. To allow target neut-
rons reaching directly the detector, an open window is left between the generator
and the detector (Figure 5.2b).

• Housing+PE: The window in the housing is filled with 10 polyethylene plates to
study the effect of moderation (Figure 5.2c).

• Housing+Steel+PE+Steel: A POLLUX® cask is composed by an internal
shielding cask, a neutron moderator and a second shielding cask. To approximate
it, a shielding of 8 steel S355MC plates, 10 polyethylene plates and 8 steel S355MC
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plates are interposed in the polyethylene house between the neutron generator and
the detector (Figure 5.2d).
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Figure 5.2: Side view of the MCNP6 model of the four performed experiments (for
details of the neutron generator target see Figure 5.3). Axis according to Figure 5.1
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Figure 5.3: Cross-sectional cut of the neutron generator target at HZDR

For each experiment, a measurement time of 30 min is used. Since many interactions
take place in the detector, the F5 tally cannot be taken. Instead, a *F4 Tally (see
section 3.2) has been defined in the position of the detector to obtain the neutron and
gamma spectra.
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5.2.2 Calibration of the NE-213 detector

A NE-213 detector is used to register neutron and gamma radiation flux spectra.
The detector consists of a photomultiplier tube coupled to a liquid NE-213 scintillator
(Scherzinger et al. 2017; Batchelor et al. 1961). When the scintillator is exposed to
gamma-rays, they interact dominantly with the atomic electrons of the scintillator atoms.
The released electrons are almost minimum ionizing and produce very fast flashes of light.
Neutrons interact dominantly with the hydrogen nuclei of the scintillator molecules via
scattering. These both phenomena have very different decay-time constants. The pulse
obtained from each reaction can be amplified and electronically analysed to identify
and separate those pulses due to neutron-induced events in the detector from those
due to photon-induced events. Figure 5.4 shows the neutron and gamma counts for a
measurement with the NE-213 detector, where the function of the control diode (right-
upper corner on Figure 5.4) is to verify that the electronic is correctly calibrated.
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Figure 5.4: Neutron and gamma spectra measured with the NE-213 detector.

The NE-213 detector gives its output in form of counts per channel, while a channel
corresponds to an energy level. Therefore, it is necessary to convert it to a flux to
interpret the results. The NE-213 detector raw data are registered in spectra with 4096
channels but they are re-binned to 1024 channels for further processing. The calibration
from the channel to the energy domain is performed with a 22Na source.

Two compton edges can be shown in the raw spectrum of 22Na as illustrated in
Figure 5.5a. The first one has an energy of 340 keV (corresponding to the peak at
511 keV from an electron-positron annihilation) and corresponds to channel 83. The
second one has an energy of 1068 keV (corresponding to the peak at 1270 keV from a
gamma emission) and corresponds to channel 315. Solving the system from Equation 5.4
the values of m and b can be found according to Equation 5.5.
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340 = m · 83 +b
1068 = m · 315 +b

 , (5.4)

Energy [keV] = 22
7 · Channel + 716

9 . (5.5)

Equation 5.5 allows to convert the channel numbers into keV. To perform the un-
folding procedure, the program MAXED from the UMG package (Reginatto et al. 2004)
is used. UMG is a package of programs for the analysis of data measured with spectro-
meters that uses unfolding techniques. The program MAXED, from the UMG package,
applies the maximum entropy principle to the unfolding problem. A flat spectrum is
provided to MAXED as "guess spectrum" to perform the unfolding procedure. Fig-
ure 5.5b shows the 22Na spectrum after unfolding plus energy calibration. Experiment-
ally validated response matrices for this detector are available for unfolding of gamma
and neutron spectra (Guldbakke et al. 1994)
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Figure 5.5: Measured 22Na spectra obtained with the Ne-213 detector.

5.2.3 Numerical model

The neutron field produced by the neutron generator is not a pure 2.5 MeV field but
shows an energy distribution and angular dependence due to the reaction kinematics
in the Ti-D target as well as scattering in the target assembly. Since MCNP6 cannot
directly take into account the production of neutrons by ions, an input source that
includes the angular dependence of the energy distribution provided by other calculations
can be employed in MCNP6 (Erhard et al. 2014).
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The WHIYIE module from DROSG-2000 code (Drosg 2017) calculates angular dif-
ferential thick-target neutron yields of white neutron sources that are based on two-body
reactions. WHIYIE calculates at a chosen angle a white spectrum which can be used
as source for MCNP6. If data for each desired angle are calculated, an angle-dependent
source can be defined in MCNP6.

The neutron yield (n/s) emitted from the target is measured by a semiconductor
detector (IAEA 1996) (PIPS® detector (Camberra 2016)) with an aperture diameter
of 1.55 mm located 50 cm upstream the target. This detector measures the protons
produced by the D+D reaction (Equation 5.3). The anisotropy for the determination
of total neutron yield from the proton yield is considered by assuming the anisotropy
factors published by (Ruby et al. 1963).

5.3 Evaluation of the neutron and gamma spectra

5.3.1 Experimental observation

The measured neutron spectra for the four different configurations are shown in Fig-
ure 5.6. For all the measurements, two prominent peaks are observed. The one at an
energy of 2.5 MeV, which corresponds to the expected neutron energy of the D+D reac-
tion. The other one around 1.7 MeV is attributed to the inelastic scattering of 2.5 MeV
neutrons on iron and copper. Both materials are placed around the target position and
are submerged to (n,n′γ) reactions as illustrated schematically in Figure 5.7). According
to the first excitation state of 56Fe, a (n,n′γ) reaction produces gammas with an energy
of 0.846 MeV, while for 65Cu produces gammas with an energy of 0.77 MeV. This would
reduce the energy of the scattered neutrons to 1.6 MeV-1.7 MeV which is in agreement
with the peak position observed in the measured spectra.

Almost no difference is recognized when comparing the configuration "Detector alone"
with the configuration “Housing”. The intensity of the flux is almost the same for both
spectra. However, the housing has been maintained in the other configurations on
the one hand as a support for the shielding plates and on the other hand to ensure a
suppression of potential backscattered neutrons and photons induced by the additional
material of the shielding plates. The neutron flux is reduced by almost one order of
magnitude when the opening on the target side of the housing is closed. Insertion
of steel plates in the "Housing+Steel+PE+Steel” configuration reduces about another
order of magnitude of the measured intensity of the 2.5 MeV peak due to the larger
amount of shielding material. These reductions are in agreement with the simulations



56 Evaluation of the neutron and gamma spectra

0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0

1 0 - 7

1 0 - 6

1 0 - 5

Ne
utr

on 
Flu

x (M
eV

 cm
-2  so

urc
e n

eut
ron

-1 )

E n e r g y  ( M e V )

 D e t e c t o r  a l o n e
 H o u s i n g
 H o u s i n g + P E
 H o u s i n g + S t e e l + P e + S t e e l

Figure 5.6: Measured neutron flux spectra for different configurations at the TUD-NG

n(2.5 MeV)
γ(e)

n′(2.5 MeV− e)

Figure 5.7: Schematic representation of the (n, n′γ) reaction, where e is the produced
γ-ray energy

performed with the monoenergetic 2.5 MeV point source to establish the thickness of the
shielding plates.

The corresponding measured photon spectra for the four different configurations are
shown in Figure 5.8. The NE-213 detector has a low resolution for photons and therefore,
it is not able to differentiate the gamma energy lines. Instead, a curve including many
of them is observed. The experimental photon spectrum ”Detector alone” includes
photons stemming from the target area and unspecific background from the surrounding
area in the experimental cave. The main peak at 0.9 MeV is attributed to the inelastic
scattering of 2.5 MeV neutrons on iron and copper. The polyethylene housing reduces
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Figure 5.8: Photons spectra of the performed experiments with the TUD-NG

the background and the photons coming from the inelastic scattering at the target. A
dominating peak arises at 2.2 MeV originated from the thermal neutron capture gammas
from 1H. The addition of the polyethylene shielding between the generator and the target
(”Housing+PE”) increases the peak at 2.2 MeV since more neutron interact with the
polyethylene shielding. If a steel shielding ("Housing+Steel+PE+Steel") is included the
intensity of the whole spectrum is reduced.

5.3.2 Comparison of experiments with MCNP6 simulations

Figure 5.9 shows for the different configurations the resulting MCNP6 neutron spec-
tra compared with the experiments. Since the experimental set-up presents some uncer-
tainties that are not reflected in the simulation model, like the omission of the complete
neutron generator set-up and environment including the NE-213 mounting in the simu-
lations, some differences are expected. Although the peaks at 1.7 MeV and 2.5 MeV from
the measurements are present in all the simulations, the intensity and width of the peaks
exhibit differences. Table 5.1 shows for the experiments and the MCNP6 simulations
the area for peaks at 1.7 MeV and 2.5 MeV and for the full spectrum. Also in the table
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is shown the difference in percentage between both, which is given by

Difference[%] = AMCNP6 −AExperimental
AMCNP6

· 100, (5.6)

where AMCNP6 is the area of the peak calculated with MCNP6 and AExperimental is the
area of the peak measured in the experiments.
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Figure 5.9: Comparison of the neutron spectra from experiments and MCNP6 simu-
lations

For the "Detector alone" configuration the area of the simulation is in average 31 %
larger than the measured one. This is attributed to the simplifications in the model that
reduce the probability of the neutrons to interact with other materials and reach the
detector. However, the addition of the polyethylene housing reduces this difference to
11 % confirming the importance of the housing to reduce boundary conditions. For the
"Housing+Steel+PE+Steel", experiments show a flux 3 % higher than for simulations.
This is due to the simplification when modelling the steel shielding. A better concordance
between experimental and calculated data for the peak at 2.5 MeV that for the one at
1.7 MeV is observed for all the configurations, which is attributed to the lower resolution
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Table 5.1: Calculated MCNP6 neutron flux area (in MeV cm−2 source−1 n−1) and
comparison with the experimental results.

Detector Housing Housing+PE Housing+Steel
alone +PE+Steel

Peak at 1.7 MeV (area between 1.5 MeV to 2 MeV)
Experiments 1.90× 10−5 2.52× 10−5 3.61× 10−6 1.34× 10−6

Simulations 3.06× 10−5 3.46× 10−5 4.49× 10−6 1.30× 10−6

Difference 38 % 27 % 20 % −3 %
Peak at 2.5 MeV (area between 2.25 MeV to 3 MeV)

Experiments 6.24× 10−5 8.76× 10−5 8.22× 10−6 2.56× 10−6

Simulations 8.36× 10−5 8.97× 10−5 8.51× 10−6 2.17× 10−6

Difference 25 % 2 % 3 % −18 %
Total spectrum

Experiments 1.04× 10−4 1.55× 10−4 2.04× 10−5 7.38× 10−6

Simulations 1.52× 10−4 1.73× 10−4 2.21× 10−5 7.18× 10−6

Difference 31 % 11 % 8 % −3 %

of the NE-213 at lower energies. In general, there is an average difference of 10 % between
simulations and measurements.

For the measured gamma spectra, depicted in Figure 5.8, the low resolution of the
NE-213 detector does not resolve nuclide specific γ-ray transitions, instead, an ”envelope
curve” is observed in contrast to MCNP6 simulations where clear peaks can be observed.
However, the resolution of the detector can be included in the MCNP6 inputs through the
Gausian Energy Broadenig (GEB) card to simulate the ”envelope curve.” As described
in (Goorley et al. 2013) the Full Width at Half Maximum (FWHM) of the energy
broadening in a physical detector is defined by

FWHM = a+ b
√
E + cE2, (5.7)

where E is the energy of the particle and a, b and c are measured in MeV, MeV1/2 and
1/MeV, respectively. The values of a, b and c can be obtained solving the system:

FWHM1 = a+ b
√
E1 + cE2

1

FWHM2 = a+ b
√
E2 + cE2

2

FWHM3 = a+ b
√
E3 + cE2

3

 , (5.8)

where the subscripts 1, 2 and 3 indicate the different energies. As shown in Figure 5.8, for
the performed experiments only two gamma peaks are well defined, the one at 0.9 MeV
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and the one at 2.2 MeV. Therefore the system of Equation 5.8 cannot be solved. How-
ever, for simplification, it is assumed that the FWHM has a linear behaviour and there-
fore, the system of Equation 5.8 is reduced to two energies:

FWHM1 = a+ b
√
E1

FWHM2 = a+ b
√
E2

 1.6× 10−1 = a+ b
√

0.9
2.65× 10−1 = a+ b

√
2.2

, (5.9)

where the values of FWHM are measured in the "Housing" case of Figure 5.8. Solving
the system the input values for the GEB yield to:

a = −0.026
b = 0.196
c = 0

 . (5.10)
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Figure 5.10: Resulting MCNP6 spectra for the case ”Detector alone” with and without
consideration of the detector resolution and comparison with the experimental spectrum

Figure 5.10 shows the MCNP6 spectra for the "Detector alone" with and without
considering the NE-213 resolution with the GEB card. Figure 5.12 shows the comparison
of the gamma spectra between the MCNP6 simulations with the GEB and the performed
experiments for the different configurations. Table 5.2 shows for the experiments and
the MCNP6 simulations the area of the enveloped curves peaks and the area of the full
spectrum. Also in the table is shown the difference in percentage between simulations
and measurements, which is given by Equation 5.6.
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Figure 5.11: Influence of materials at the target position of the neutron generator in
the MCNP6 spectra

Table 5.2: Calculated photon flux peak area in (MeV cm−2 source−1 n−1) and com-
parison with the experimental results.

Flux Detector Housing Housing+PE Housing+Steel
alone +PE+Steel
Peak between 0.7 MeV to 1.1 MeV

Experiments 3.35× 10−5 3.41× 10−6 3.29× 10−6 5.23× 10−7

Simulations 1.89× 10−5 2.09× 10−5 1.36× 10−5 2.77× 10−6

Difference −77 % 84 % 76 % 81 %
Peak between 1.3 MeV to 1.7 MeV

Experiments 1.57× 10−5 2.34× 10−6 1.80× 10−6 8.69× 10−7

Simulations 7.92× 10−6 9.79× 10−6 7.36× 10−6 2.70× 10−6

Difference −99 % 76 % 76 % 68 %
Peak between 1.9 MeV to 3 MeV

Experiments 6.40× 10−6 2.99× 10−5 3.55× 10−5 8.41× 10−6

Simulations 5.36× 10−6 8.70× 10−5 6.99× 10−5 1.91× 10−5

Difference −19 % 66 % 49 % 56 %
Total spectrum

Experiments 8.75× 10−5 4.35× 10−5 4.78× 10−5 1.31× 10−5

Simulations 4.62× 10−5 1.44× 10−4 1.13× 10−4 3.50× 10−5

Difference −89 % 70 % 58 % 63 %

The MCNP6 simulations were performed considering the target area and experi-
mental set-up but without the unspecific background radiation due to radiation inter-
actions on the environment. Therefore, for the "Detector alone" configuration (Fig-
ure 5.12a) the area of the gamma peaks is 90 % higher for the experiments. For the
NE-213 detector, the efficiency decreases with decreasing energy. The reason is most
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Figure 5.12: Comparison of the neutron induced photon spectra from experiments
and MCNP6 simulations

likely the detector’s gamma-ray efficiency depending strongly on the bias/electronic set-
tings (e.g. Lurie et al. (1975)). Since this was not included in the simulations, for the
other three configurations (Figure 5.12b, Figure 5.12c and Figure 5.12d), simulations
show in average spectra with intensities 70 % higher than the experiments. However, in
view of neglecting the influence of the detector efficiency and background radiation, the
simulations yield an appropriate description of the spectra.

Simulations for the configuration "Detector alone" with modifications of the materials
present at the target position of the neutron generator were performed to confirm the
hypothesis presented in the previous section, i.e. the origin of the 1.7 MeV peak from
scattering on iron and copper. This time the simulations were performed without folding
of the detector resolution in order to reveal the nuclide specific γ-ray transitions. In the
first simulation iron was replaced by copper. In the second one, copper was replaced by
iron. The neutron and photon spectra for both simulations together with the previous
results (Figure 5.9a and Figure 5.12a) are presented in Figure 5.11.
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If no iron is present (Figure 5.11a green-dashed line), the 1.7 MeV neutron peak of
56Fe disappears and the peaks corresponding to the gamma transition of 63Cu (1.6 MeV)
and 65Cu (1.3 MeV) increase. At the same time, the gamma lines corresponding to
the different Fe gamma transition disappear (Figure 5.11b) while the ones from Cu
duplicate their intensity. If the copper is replaced by iron (Figure 5.11a orange-dashed
line), the gamma transitions of 63Cu and 65Cu disappear and the gamma transitions of
56Fe increases. As shown in Figure 5.11b, the gamma lines corresponding to the gamma
transitions of from 63Cu and 65Cu disappear while the ones from 56Fe are stronger than
for the ones from the original simulation.

This behaviour confirms the hypothesis suggested in the previous section. An im-
portant part of the 2.5 MeV neutrons emitted by the D+D reaction undergo a (n,n′γ)
inelastic scattering reaction on the iron and copper around the target position.

5.4 Concluding remarks

In general, for the neutron spectra, experiments and simulations are in good agree-
ment with an average difference of 10 % which is attributed to the simplifications in
the simulated model. For the photons spectra this difference increases to 70 % but it
can be attributed to the uncertainties in the detector response and the unfolding pro-
cedure and the simplifications in the simulated model. Nevertheless, the cross-section
libraries might have also an important influence on the results since they are based in
a combination of experimental data and physical models. Therefore, it is necessary to
perform a study of these libraries to determine their impact in the results. This will be
the highlight from chapter 6.





Chapter 6

Uncertainties assessment of dose
calculations for a POLLUX® cask

6.1 Goals

In the previous chapter, the capability of MCNP6 models to reproduce the exper-
imental results has been studied. For problems leading with neutrons and photons,
MCNP6 can reproduce the experimental results successfully with a deviation of the or-
der of 10 % for neutrons and 70 % for photons. The observed divergences are attributed
to simplifications in the numerical model and the sensitivity of the detector used in the
experiments.

Besides the simplifications in the simulations, the nuclear data are another factor that
might have an important impact on the numerical results. As described in section 3.3,
nuclear data are the basic input for neutronic calculations since they describe the differ-
ent reactions of neutrons with the isotopes present in the model. Although nuclear data
files are continuously improved they still contain some uncertainties. Therefore, a real-
istic estimation of these uncertainties is necessary to quantify the uncertainty threshold
of the simulation results.

The work of this chapter is performed using the software package SCALE instead
of MCNP6 since as explained in section 3.3 SCALE has the tool SAMPLER designed
to perform analysis of uncertainties. The results of this chapter provide a confidence
interval of the performed calculations. Since MCNP6 is use to perform analysis of the
dose rate and absorbed dose in geological repositories, a comparison between SCALE
and MCNP6 is required.

65
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6.2 Modelling of a POLLUX® cask with SCALE

To perform simulations with SCALE, the simplifications described in section 2.4, as
the homogeneous distribution of the waste within the core of the cask and the division
between active and inactive zone, are applied in the geometry model. Since all the
studied casks have the same geometry and similar waste inventories, only a POLLUX-
10 cask in vacuum is studied in this chapter. Figure 6.1 shows a representation of the
cask in SCALE.

B200

R100

R200

R50

B50B100 T50 T100 T200

Shielding cask:

Nodular cast iron

Internal cask:

Stainless steel

Neutron moderator:

Polyethylene

Active fuel zone:

UOX+MOX

Neutron moderator:

Graphite

Inactive fuel zone:

Zircalloy

Figure 6.1: Schematic representation of a SCALE model for a POLLUX-10 cask and
position of the dose detectors. Where the numbers indicate the distance in cm from

the cask boundary.

To calculate the ambient dose equivalent rate at 10 mm (Ḣ∗(10)) 9 detectors are
defined around the cask (see Figure 6.1) where the Arabic numbers denote the distance
to the cask surface in centimetres, and the letters correspond to the three directions of the
cask: radial (R), top (T) and bottom (B). Note that in Figure 6.1 the cask is horizontally
positioned. For each detector, neutrons and photons are registered. Equation 6.1 shows
how to convert the SCALE results in µSv/h.

Ḣ∗(10)(µSv/h) = F (#/cm2) ·A(n/s) ·H
∗(10)
Φ (Sv · cm2) ·106 (µSv/Sv) ·3600 (s/h) (6.1)

where F is the obtained value with SCALE, A is the activity and H∗(10)
Φ are the

fluence-to-ambient-dose-equivalent conversion coefficients given by (ICRP 1997).

6.3 Perturbations in the cross sections with SAMPLER

The SCALE package has in its database covariance matrices which account for un-
certainties of the nuclear cross sections of several specific isotopes. These matrices are
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the basis to generate data variations with SAMPLER since the probability distributions
of the uncertain parameters are used to generate random variations.

When applying this method with neutron cross section uncertainties, a new nuclear
data library is generated for each simulation, where all quantities with available uncer-
tainties (inelastic and elastic scattering, capture cross sections, fission cross sections and
neutrons per fission) are varied at the same time for all nuclides in the model. A total of
100 simulations with random perturbations of the neutron cross sections are performed.
Additionally, SAMPLER performs an extra simulation with the unperturbed library as
a comparison basis.

As described in section 3.3 the main limitation of the current version of SCALE is
the impossibility for the user to see which cross sections are randomly perturbed in each
simulation. It means that the provided output does not give access to the modified data
of the perturbed library. Moreover, SAMPLER does not offer the possibility to control
the cross sections variations, for example to restrict perturbations to only a few isotopes.
These limitations, make it very complicated to determine the origin of the differences in
the calculated Ḣ∗(10) values.

Figure 6.2a and Figure 6.2b show Ḣ∗(10) at 1 m of the POLLUX-10 top surface
(T100 in Figure 6.1) for the 100 performed cases for neutrons and neutron induced
photons, respectively. For each simulation Ḣ∗(10) is represented by a blue dot together
with its error bars. These errors bars represent the error interval of the simulation and
depends of the NPS reaching the detector. Also in the graphics Ḣ∗(10) is included for the
unperturbed case (continuous-black line) and a 10 % interval of confidence (red-dashed
lines). This 10 % interval is established as maximal deviation to consider the perturbed
simulations similar to the unperturbed case. The results for the other detectors can be
found in Appendix A.
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Figure 6.2: Calculated Ḣ∗(10) dose at position T100 for the 100 cases by SAMPLER.
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100 of 100 cases for neutrons and 46 of 100 for photons are within the 10 % interval
of confidence. If the error bars are considered, 76 cases for neutrons and 81 for photons
are inside the confidence interval. This means that the cross sections have a measurable
impact on the computed Ḣ∗(10) results of a POLLUX® cask. However, it is of minor
significance since the majority of the results is within the 10 % confidence threshold.

Table 6.1 presents for each detector the minimum, maximal and average deviation
of the 100 randomly perturbed cases from the unperturbed case. The deviation does
not take the error bars in account. For neutrons, the average Ḣ∗(10) deviation is lower
than 12 %. However, for some perturbations, this deviation can be up to 50 % of the
unperturbed value. For photons the deviation with respect to the unperturbed value is
in average around 16 % but it can reach up to 60 % for some cross section perturbations.

Table 6.1: Minimum, maximum and average deviations (absolute values) for Ḣ∗(10)
at 50 cm, 100 cm and 200 cm to the POLLUX-10 surface

Top Bottom Radial
Neutrons Photons Neutrons Photons Neutrons Photons

(%) (%) (%) (%) (%) (%)
50 cm to POLLUX-10 surface

Minimum 0.2 0.08 0.05 0.07 0.2 0.09
Maximum 51 51 24 18 46 24
Average 12 18 7 5 12 6

100 cm to POLLUX-10 surface
Minimum 0.4 0.2 0.01 0.1 0.06 0.03
Maximum 49 60 24 21 43 16
Average 12 16 7 5 12 3

200 cm to POLLUX-10 surface
Minimum 0.2 0.003 0.1 0.005 0.07 0.01
Maximum 49 64 24 19 42 10
Average 12 13 7 5 12 3

As explained above, the main limitation of the current version of SCALE is the
impossibility to obtain an output with the randomly perturbed cross sections for each
case, which would allow to identify the isotope contributing most to the observed de-
viations. For example, the maximum deviation in the top direction is given by case
number 79. For the same case, the deviation at the bottom and at the radial direction
is 30 % and 10 %, respectively. This could for example indicate an extreme perturbation
of the cross sections of 12C (main component of the graphite moderator present at the
top and bottom). This perturbation would imply a deviation in the Ḣ∗(10) results for
these directions, especially at the top since the amount of graphite is higher. Another
possibility could be for example that the cross section perturbation in case 79 orginates
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from 56Fe (main component of the cask). A larger thickness in the top direction implies
a higher probability of neutron interactions with 56Fe. If more interactions between
neutrons and 56Fe take place, the probability that Ḣ∗(10) differs from the unperturbed
value increases. In the radial direction, the maximum deviation takes place for case
30. For the same case, the difference for the top and radial directions are around 57 %,
respectively. The origin of this deviation could be for example the perturbation on the
1H cross section (main component of the polyethylene moderator).

The hypothesis above cannot be confirmed without a description of the perturbed
cross sections for each simulation. Nevertheless, taking into account the restrictions
named above (inability of controlling perturbed isotope cross-sections) it can be set-
up that in average, the cross section perturbations do not have a high impact in the
variation of Ḣ∗(10) within a 10 % confidence level.

6.4 SCALE unperturbed vs. MCNP6

The simulations performed in the previous section confirm that in average the per-
turbations in the cross sections result in a difference of around 12 % on Ḣ∗(10) when
compared with the unperturbed case. Nevertheless, the majority of calculations are
performed with MCNP6, which also uses the ENDF cross section libraries. Therefore,
to translate the conclusions of this chapter to MCNP6, it is necessary to check if the
results obtained with MCNP6 comply with those from SCALE.

For this purpose a POLLUX-10 is modelled in vacuum with MCNP6 with F5 tallies
to measure Ḣ∗(10) at the nine positions indicated by the detectors of Figure 6.1 and
the same NPS. The results from MCNP6 are compared with the unperturbed values
obtained by SAMPLER.

Figure 6.3 shows the calculated Ḣ∗(10) values at the different positions obtained by
SCALE and MCNP6. For neutrons (Figure 6.3a) the difference between SCALE and
MCNP6 oscillates between 7 % for detector T50 to 27 % for detector T100. In average
the different between both is lower than 15 %. For secondary photons (Figure 6.3b)
the differences are even smaller with an average lower than 10 % and a minimum and
maximum of 1 % and 18 %, respectively. For the same number of simulated particles,
MCNP6 results show a statistical error being smaller by 50 % as compared to the res-
ults obtained by SCALE. Nevertheless, both errors are lower than 10 %, which is the
maximum error accepted to ensure results confidence.

The differences have two possible origins. First, the detector tallies. As explained in
section 3.2, the variance reduction technique of the next event estimator assumes that
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Figure 6.3: Comparison of the calculated Ḣ∗(10) values of SCALE and MCNP6 at
different distances from the POLLUX® cask.

calculations are being performed in a uniform medium. Even if vacuum is a uniform
medium, the presence of the cask perturbs the results. A way to solve this is the use
of surface or cell detectors. These detectors do not use variance reduction techniques
and therefore, possible errors due to the medium will are reduced. However, such an
approach is extremely time consuming and since the agreements between SCALE and
MCNP6 results are satisfactory for this study, no further effort has been undertaken.

The second source of differences are the cross section libraries employed in SCALE
and MCNP6. The SAMPLER module can only work with multi-group libraries. Al-
though MCNP6 has multi-group libraries, many important isotopes required to model
the POLLUX® cask are not available. Therefore, for the MCNP6 simulations continuous
energy libraries are selected. A solution is to repeat the calculations by SCALE using
continues energy libraries. But since the agreements between SCALE and MCNP6 are
satisfactory this aspect may be subject of future investigation.

To conclude, the differences of both SCALE and MCNP6 are small enough to affirm
consistency for the calculated problem. Therefore, it can be assumed that perturbations
on the ENDF cross section libraries of MCNP6 yield a similar behaviour as obtained for
SCALE.

6.5 Concluding remarks

In a high-level waste repository a mixed neutron-gamma radiation field emerges from
the SNF contained in the shielding casks. Therefore, dosimeters able to measure both
radiations are required. However, as described by Zhang (2011) mixed neutron-gamma
fields still present a challenge to determinate the neutron dose due to the complex
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interactions of neutrons with matter making the majority of dosimeters not able to
measure neutrons with the same accuracy as photons.

The results exposed here show that randomly perturbed cross sections have an in-
fluence on Ḣ∗(10) dose calculations. Nevertheless, the computational uncertainty and
error margin are small compared to the error of measurements of personal and ambient
dose performed with neutron-gamma dosimeters. This means, that for the dose study in
a geological repository performed in the following chapter, the main source of differences
between measurements and simulations are rather the uncertainties in the cross sections
than the error obtained by the measurements.





Chapter 7

Dose rate and absorbed dose in
geological repositories

7.1 Scope and goals of the analysis

In chapter 5, the reliability of MCNP6 to simulate sources with neutrons and photons
has been verified and validated through the experiments performed with the TUD-NG.
There, MNCP6 has demonstrated to reproduce properly neutron and gamma spectra
with an accuracy of 10 %. In chapter 6 the interval of confidence for the ENDF libraries
has been studied. Although some differences are observed in the results when performing
perturbations in the cross section libraries, they are of marginal quantity. Hence, the
interval of confidence from MCNP6 and experiments is considered as reliable. This proof
is the pre-requisite to analyse the dose rate and absorbed dose in geological repositories.

In this chapter, an operational approach to estimate occupational radiation exposure
during the disposal of high level nuclear waste is performed. The ambient dose and the
personal dose are analysed for the different waste inventories (POLLUX-10, POLLUX-
3M and POLLUX-3U) and host rock formations (salt rock and claystone). To study the
influence of different parameters (disposed waste, host rock, etc.) on the radiation field,
the Ḣ∗(10) is used as indicator. To investigate the influence of the worker position on
the absorbed dose, a phantom is modelled representing a human worker inside the drift.
Detectors are integrated in the phantom to calculate the personal dose equivalent rate
at 10 mm (Ḣp(10)) and simulations for the RSD with different angles between phantom
and POLLUX® cask are studied. Finally, the methodology is applied to an anticipated
operational disposal scenario in rock salt and claystone. For both host rock formations,
a comparison of the personal dose is conducted and discussed.

73
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7.2 Modelling a POLLUX® cask in a realistic repository
configuration

7.2.1 Geometric specifications of the POLLUX® MCNP6 model

To study the dose rate and absorbed dose in the selected geological repositories, a
POLLUX® cask is modelled. To perform the MCNP6 simulations, the simplifications
described in section 2.4, as the homogeneous distribution of the waste and division
between active and inactive zone, are applied to the MCNP6 POLLUX® cask. Figure 7.1
shows the MCNP6 model of the POLLUX® cask.

Shielding cask:
Nodular cast iron

Internal cask:
Stainless steel

Neutron moderator:
Polyethylene

Active fuel zone:
UOX+MOX

Neutron moderator:
Graphite

Inactive fuel zone:
Zircalloy

Figure 7.1: Schematics of the MCNP6 model of a POLLUX® cask with dimensions
as in Figure 2.4 and assigned material composition.

For the disposal in the RSD, a POLLUX-10 (9 UOX FAs and 1 MOX FA) is con-
sidered as a reference container. For the CLD host formation, due to temperature
restrictions the maximum amount of FAs per cask is set to 3. Therefore, one POLLUX-
3M (3 UOX FAs and 1 MOX FA) and two POLLUX-3U (3 UOX FAs) are considered
to simulate the emplacement in CLD.
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7.2.2 Modelling of a horizontal emplacement drift with MCNP6

As described in section 2.3, an emplacement drift is usually hundreds of meters
underground and surrounded by a host rock layer or several decimetres of concrete lining
in the case of a claystone or crystalline drift. To simplify the calculations the thickness
of the drift walls, i.e. rock salt for POLLUX-10 and concrete lining for POLLUX-3M
and POLLUX-3U, is set to 1 m in the MCNP6 model, which is sufficient to account for
possible interactions of the radiation with the drift wall materials. Figure 7.2 illustrates
the MCNP6 modelling and dimensions of the deep geological disposal facility for a
POLLUX® cask. As a simplification, only one POLLUX® cask is placed on the ground
of the drift with its bottom surface at 2.63 m distance to the drift end side. Detailed
geometrical information of the drift can be found in (Leon Vargas et al. 2017). The
composition of the rock salt and concrete lining can be found in (Bernnat et al. 1995)
and (Albert et al. 2010), respectively. An average density of 2.4 g cm−3 for rock salt
and 2.16 g cm−3 for the concrete lining in the CLD are assumed. The air inside the
drift is modelled as dry air at near see level. To study the impact of the radiation
scattered by the drift layers, a third drift is modelled. This one has the same geometry
as the ones described above but the surrounding layers are replaced by air, representing
a POLLUX® Free In Air (FIA). In ?? a more detailed description of the MCNP6 input
can be found.

Z1

Air inside

the gallery

Gallery

layers

5.1 m 20 m

3.7 mY1 X10X9 X8 X7 X6 X5 X4 X3 X2 X1

2.63 m

1 m

1 m

Figure 7.2: MCNP6 model and dimensions of the emplacement drift with a POLLUX®

cask loaded with SNF.

7.2.2.1 Calculation of Ḣ∗(10)

Since air is a low density material only a few interactions take place in it. Hence,
the F5 tally can be employed to obtain the Ḣ∗(10) and the spectra in the drift. Twelve
F5 tallies are employed to calculate Ḣ∗(10) and spectra at different positions inside the
drift, indicated as black dots in Figure 7.2 where the letters denote. the axis direction
and the numbers the distance in meters to the POLLUX® surface. Tallies X1, Y1 and
Z1 are defined to compare Ḣ∗(10) at 1 m distance to the POLLUX® cask surface in the
respective direction. To study the evolution of Ḣ∗(10) as a function of the distance to
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the POLLUX® cask, the tallies X1 to X10 are employed. Equation 6.1 is used to convert
the F5 tally in µSv/h.

Ḣ∗(10)(µSv/h) = F5 (#/cm2n) · H
∗(10)
Φ (Sv · cm2) ·A(n/s) · 106 (µSv/Sv) · 3600 (s/h),

(7.1)

where H∗(10)
Φ are the fluence-to-ambient-dose-equivalent conversion coefficients given

by (ICRP 1997) and A is the activity for each cask (see section 4.2). For the spectra,
the F5 tally is multiplied by the activity to obtain the flux in cm−2 s−1.

7.2.3 Modelling of a human phantom with MCNP6

As recommended by (ICRP 2007) the personal dose equivalent rate (Ḣp(d)) at a
depth d = 10 mm gives a conservative assessment of the effective dose under most
irradiation conditions. However, this requires the personal dosimeter to be worn at a
position on the body which is representative with respect to the exposure. The ICRP
recommends to wear a dosimeter in front of the chest, where Ḣp(10) is supposed to
give a conservative estimation of the effective dose even in cases of lateral or isotropic
radiation incidence on the body. However, the question arises if a dosimeter worn at the
front still appropriately assesses the effective dose in cases of exposure from the back.
In order to study the influence of the backscattered radiation on Ḣp(d), a worker inside
the drift is modelled in this study by a simplified anthropomorphic phantom, which is
a virtual representation of the BOttle MAnnikin ABsorber (BOMAB) phantom (U.S.
Department of Energy 2015). Figure 7.3 shows the MCNP6 model of the phantom and
Table 7.1 provides a detailed description of its components. The original phantom is
composed of polyethylene but in the simulations it is replaced by human tissue (Reed
2007).

Table 7.1: Detailed dimensions and shape composition of the BOMAB phantom

Body Cross section Cross section Height
parts shape dimensions (cm) (cm)
Head ellipsoid 19× 14 20
Neck circular 13 10
Chest ellipsoid 30× 20 40
Pelvis ellipsoid 36× 20 20
Arms circular 10 60
Thighs circular 15 40
Calves circular 12 40



Dose rate and absorbed dose in geological repositories 77

66 cm

DetectorCrossing trunk
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Figure 7.3: Shape and dimensions of the modelled BOMAB phantom in MCNP6

Some studies like (Vana et al. 2003) denote that for complex sources, Ḣp(10) might
underestimate the radiation exposure since the maximal dose rate can reach deeper than
10 mm into the body. To study the evolution of the dose within the body, a 4 cm radius
cylindrical detector is modelled in the centre of the chest, as illustrated in Figure 7.3a.
The detector crosses the chest and measures the dose every 1 mm of the 20 cm thick chest
(Figure 7.3b). This allows to study the Ḣp(d) at different depths and also to evaluate
the influence of the surrounding layers in the absorbed dose.

7.2.3.1 Calculation of Ḣp(d)

The MCNP6 energy deposition tally F6 is used to estimate the absorbed dose (D)
(ICRP 2007), which can be converted in Ḣp(d) according to Equation 7.2:

Hp(d) = Hpn(d) + Ḣpγ (d) =
∫ Emax

Emin

(Dn(E)Qn(E) +Dγ(E)Qγ(E)) dE, (7.2)

where Q is the quality neutron factor, which it is equal to 1 for photons (γ) while
for neutrons (n) it is dependent on the energy (E) and the linear energy transfer (L)
according to:
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Qn(En) = 1/D
∫ Lmax

Lmin

Q(L)D(L,En)dL. (7.3)

Tabulated values for Qn(En) are taken from (Siebert et al. 1995).

7.3 Factors impacting the dose rate in a repository

7.3.1 Contribution of the different radiation types

To study the contribution of each radiation type to the total Ḣ∗(10) simulations
are performed for each POLLUX® cask in vacuum. F5 tallies are stablish for the three
directions of the cask, i.e. lateral, top and bottom of the cask. To obtain the evolution
of Ḣ∗(10) in vacuum the tallies are located at 0.5 m, 1 m, 2 m, 4 m, 7 m and 9 m. To
pass the MCNP6 statistical checks the NPS required for the neutron, gamma and beta
source are 1× 107, 1× 108 and 1× 109 NPS, respectively.

Figure 7.4 presents Ḣ∗(10) as a function of the distance at the top of POLLUX-
10. Since this is the direction from which the workers are receiving the majority of
the dose (according to the disposal position of the cask in the drift from Figure 7.2),
only this case is analysed in this context in more detail. The results for POLLUX-3M
and POLLUX-3U, as well as the results in the other two directions can be found in
Appendix A.

For the studied waste inventory, neutrons are responsible for more than 99 % from
the total Ḣ∗(10) while photons induced by interactions of neutrons with the materials
of the cask contribute less than 1 % to the total dose. The contribution from primary
photons and photons produced by beta interactions is almost 0. Therefore, only the
contribution of neutrons will be taken into account to study the impacting factors in
Ḣ∗(10).

7.3.2 Influence of the waste inventory composition

To study the influence of the waste inventory, Ḣ∗(10) has been calculated at 1 m
distance from the POLLUX® surface in each direction, i.e. at the top, bottom and
lateral of the cask. Simulations are performed in vacuum and F5 tallies are employed to
calculate Ḣ∗(10). To pass the MCNP6 statistical checks, 1× 107 NPS are required for
each simulation.
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Figure 7.4: Calculate contribution of different radiation types to Ḣ∗(10) for
POLLUX-10 in vacuum.

Figure 7.5 shows for the different casks the Ḣ∗(10) dose at 1 m distance in each
direction. Since the POLLUX® shielding is thickest at the top, Ḣ∗(10) outside the cask
in this direction is the lowest followed by the lateral and the bottom direction. When
comparing the different cask types, the lateral dose of the POLLUX-10 is 10 % lower
than the one of the POLLUX-3M lateral and 75 % higher than for the POLLUX-3U
lateral, while in the top and bottom Ḣ∗(10) outside the POLLUX-10 cask is 50 % lower
than the one from POLLUX-3M and only 55 % higher than that from POLLUX-3U.
This difference can be explained due to the simplifications performed when modelling
the FAs and the SNF inside the cask.

The neutron spectra before and after the zircaloy layer of the inactive zone for
POLLUX-3M and POLLUX-10 are shown in Figure 7.6. Before the inactive zone the
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Figure 7.5: Calculated Ḣ∗(10) at 1 m distance from the POLLUX surface for each
cask

total neutron fluence rate is higher for POLLUX-10 (3536 cm−2 s−1) than for POLLUX-
3M (2662 cm−2 s−1). According to the simplifications in the waste model (see Equa-
tion 2.1 from page 20), the density of the SNF in POLLUX-10 (active and inactive
zone) is 3 times larger than for POLLUX-3M. Hence, neutrons emitted in this direction
are stronger shielded by the zircaloy layer in POLLUX-10 (total neutron fluence after
the inactive zone 1692 cm−2 s−1) than in POLLUX-3M (total neutron fluence after the
inactive zone 1873 cm−2 s−1).

The same amount of MOX is stored in POLLUX-10 and POLLUX-3M. However,
due to the lower density of the inactive fuel zone for POLLUX-3M, Ḣ∗(10) is much
higher at the top and bottom in comparison with POLLUX-10 . To reduce the received
dose inside the drift, the top of the cask must be orientated in the working direction
(see Figure 7.2) since Ḣ∗(10) is lower than at the bottom.

7.3.3 Dependence of host rock conditions on Ḣ∗(10)

To study the influence of the drift layers materials on Ḣ∗(10) doses, simulations of
the three POLLUX® casks are performed for RSD, CLD and FIA configurations. As
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Figure 7.6: Calculated spectral neutron fluence rate for the SNF with MCNP6 for 2
cask types.

explained in subsection 7.2.1, the heat emission of a POLLUX-10 is too high to be alloc-
ated in a claystone drift. Nevertheless, to compare the influence of the host rock for each
cask, simulations of the POLLUX-10 in the CLD are performed. Previously it has been
found that the gamma dose coming from the POLLUX® cask (primary photons, neut-
ron induced photons and beta induced photons) is negligibly small. However, neutron
interaction with the drift walls materials must be also studied to consider if the neutron
induced gamma reactions from the host materials are negligible. Therefore, the induced
photons in the drift are also simulated. Since the obtained conclusions are applicable to
the three casks, only the results obtained for the POLLUX-10 are shown and discussed.
Results for POLLUX-3M and POLLUX-3U can be found in Appendix A.

The evolution of Ḣ∗(10) with the distance to the POLLUX-10 surface for each host
rock is shown in Figure 7.7. For neutrons (Figure 7.7a) the highest Ḣ∗(10) is observed in
RSD. For CLD, Ḣ∗(10) is between 12 % (at the cask surface) to 41 % (at 10 m distance)
lower than that for the casks in RSD. When comparing the Ḣ∗(10) FIA, it is between
30 % to 88 % lower than Ḣ∗(10) in RSD and between 20 % to 80 % lower than Ḣ∗(10)
in CLD. These results reveal the important role of the backscattering of the radiation
caused by boundaries in a geological disposal facility. As shown in Figure 7.7b, for
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gammas the Ḣ∗(10) dose in CLD is higher than in RSD which is consistent with the
results shown for the neutrons since the lower neutron dose in CLD implies a higher
neutron interaction with the drift materials and therefore, a higher gamma emission.
Nevertheless, the contribution of the induced photons to Ḣ∗(10) dose is less than 5 %.
Even though it is significantly higher than the contribution from the photons coming
directly from the POLLUX® cask, it can be neglected and hence is not be further studied.
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Figure 7.7: Calculated distance dependence of Ḣ∗(10) dose for three different drift
layers in the X-direction.

To understand better the dependence of Ḣ∗(10) on the host rock, Figure 7.8 shows
the spectral fluence rate calculated with MCNP6 at 1 m distance from the POLLUX-10
surface in X direction for RSD and CLD as well as for FIA. The relative error of the
fluence rates in each energy bin is less than 4 %, except for some bins with fluence rates
lower than 0.005 cm−2 s−1. All the spectra exhibit a peak between 2× 10−2 MeV to
3× 10−2 MeV, which is caused by a dip in the neutron elastic cross section of 56Fe at
2.4× 10−2 MeV, the most abundant isotope of the main shielding material. Neutrons
within this energy level have a higher probability to escape from the shielding cask.
Therefore, it leads to a peak in the neutron spectra. The effect of the backscattered
radiation can be observed for the RSD with the local minimum of the spectral fluence rate
between 2× 10−3 MeV to 3× 10−3 MeV, which is caused by elastic neutron scattering
in 23Na (one of the main isotopes of the surrounding rock salt), which has a peak in the
cross section at 2.8× 10−3 MeV. In the CLD, the maximum between 1× 10−8 MeV to
1× 10−6 MeV shows the presence of moderated neutrons mainly due to interactions of
neutrons with the 16O content of the concrete layers (CaO,SiO2,Al2O3,H2O, . . .).
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Figure 7.8: Calculated spectral neutron fluence rate at 1 m distance from cask surface
for different host rocks.

The total neutron fluence rate for POLLUX-10, in RSD, CLD and FIA is 38.12 cm−2 s−1,
35.40 cm−2 s−1 and 13.51 cm−2 s−1, respectively. This explains the higher Ḣ∗(10) ob-
served in RSD. For POLLUX-3M and POLLUX-3U the same behaviour is observed.
Results can be found in Appendix A

To finalize the study of the dependence of host rock conditions on Ḣ∗(10), the
different disposal scenarios, i.e. disposal of POLLUX-10 on RSD and of POLLUX-3M
and POLLUX-3U on CLD, are compared.

Figure 7.9 shows that up to 2 m distance, the Ḣ∗(10) dose is higher (up to 50 %)
for POLLUX-3M in CLD than for POLLUX-10 in RSD. For larger distances, the more
efficient neutron moderation by the concrete layers and the higher neutron reflection of
the salt layers lead to a higher Ḣ∗(10) dose in the RSD with a POLLUX-10 (between
5 % to 25 %). Since only spent UOX is loaded in a POLLUX-3U cask, the corresponding
Ḣ∗(10) dose for POLLUX-3U is in general 75 % lower than that for POLLUX-3M.
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Figure 7.9: Calculated distance dependence of the Ḣ∗(10) dose in the X-direction for
different cask types and host formations.

7.4 Assessment of the absorbed dose

The simulations performed in the previous section reveal that neutron emissions
dominate the radiation field. Moreover, the backscattered radiation plays an important
role in the evolution of the Ḣ∗(10) dose. However, the radiation field only gives inform-
ation about the dose distribution in the drift. A proper estimate of the exposure of the
workers in a geological repository, requires to employ the Ḣp(d) dose since it is the dose
equivalent in soft tissue.

7.4.1 Spatial dependence of absorbed dose from the source

To study the evolution of Ḣp(d) through the body with the distance to the POLLUX®

cask, depth-dose curves are calculated for the phantom facing the POLLUX® cask (0°)
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at 1 m, 5 m and 10 m distance from the POLLUX-10 in RSD, CLD and FIA. Since the
depth-dose curve register Ḣp(d) every mm, they allow to study the variation of Ḣp(d)
with the tissue depth. Here, only simulations with the neutron source are performed.
However, since neutrons can interact with the body and produce photons, the detectors
are modelled to register both neutrons and induced photons in the phantom.

Figure 7.10 shows the depth-dose curve at 5 m distance from the cask for the phantom
in RSD, CLD and FIA. The depth-dose curves for 1 m and 10 m can be found in
Appendix A. The results exhibit, that Ḣp(d) decreases monotonically with the phantom
depth. But, at the last cm an increase for RSD and CLD is observed. Since the increase
observed in the simulations FIA is almost negligible, the increase can be only caused
by the backscattered radiation from the rock salt and concrete layers. As observed in
subsection 7.3.3, a higher amount of neutrons are reflected by the walls. Therefore, for
RSD the effect is higher than for CLD.
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Figure 7.10: Calculated evolution of Ḣp(d) dose with depth for a phantom facing the
POLLUX-10 at 5 m to its surface.

To determine if neutron induced photons contribute relevant to the Ḣp(d) dose,
Table 7.2 presents the contribution interval of photons to the total Ḣp(d) in percentage.
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Unlike the neutron induced photons from the drift walls, those produced in the body
have a significant contribution to the total Ḣp(d) dose. Since neutrons are absorbed in
the phantom, their contribution decreases with the depth. However, the contribution
of the induced photons is roughly constant resulting up to certain depth in a higher
contribution to the total Ḣp(d) dose. Figure 7.10 and Table 7.2 show the depth range
where the contribution of the induced photons to the total Ḣp(d) is higher than the
neutron contribution. For both RSD and CLD, Ḣpγ (d) is very similar. However, the
lower Hpn(d) in CLD due to the higher absorption of the concrete layers yields a higher
percentage of Ḣpγ (d) contribution in a CLD formation.

Table 7.2: Photons contribution to Ḣp(d) and depths where Ḣpγ (d) is the main
contributor

Distance Contribution Ḣpγ (d) d→ Ḣpγ (d)> 50 %Ḣp(d)
RSD CLD RSD CLD

1 m 4 - 64 % 5 - 70 % 9.1 - 17.1 cm 8.6 - 18.6 cm
5 m 5 - 65 % 9 - 75 % 8.1 - 17.7 cm 6.9 - 19.1 cm

10 m 6 - 73 % 11 - 82 % 7.6 - 18.7 cm 6.9 - 19.8 cm

Workers are not always facing the cask surface, but moving. Therefore, the angle
between worker and cask is not always 0°. To study the influence of the position on
Ḣp(d), simulations are performed for the 5 m position with the phantom at angles of
45°, and 90° with respect to the POLLUX® symmetry axis. Different angles between
phantom and cask are shown in Figure 7.11.

(a) 0◦ (b) 15◦ (c) 45◦ (d) 60◦ (e) 90◦

Figure 7.11: Different angles of the phantom with respect to POLLUX®

Figure 7.12 shows the depth-dose curves at 45° and 90° for RSD which can be com-
pared with the phantom facing the surface (0°) from Figure 7.10a. The depth-dose
curves for CLD and FIA can be found in Appendix A. When rotating the phantom, the
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depth-dose curve changes significantly, Ḣp(d) at the front of the phantom decreases with
increasing angles, while Ḣp(d) at the back increases. The backscattered radiation plays
a more significant role in Ḣp(10) when the angle increases. This effect can be explained
by the decrease of the relative distance of the detector to the salt rock layer.
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Figure 7.12: Calculated evolution of Ḣp(d) for the body depth at 5 m to POLLUX-10
surface

Table 7.3 presents the contribution interval of the induced photons and the depth
range where photon contribution exceeds the neutron contributions. The angle between
phantom and cask has a very small influence in the contribution of Ḣpγ (d). However,
since the back side of the phantom receives a higher amount of neutrons and the induced
photon production is constant it is reflected in Table 7.3 with a decrease of the maximum
depth where Ḣpγ (d) is the main contributor to the Ḣp(d) dose.

Table 7.3: Calculated photon contribution to Ḣp(d) and depths, where Ḣpγ
(d) is the

main contributor.

Angle Contribution Ḣpγ (d) d→ Ḣpγ (d)> 50 %Ḣp(d)
RSD CLD RSD CLD

0° 5 - 65 % 9 - 75 % 8.5 - 17.5 cm 6.9 - 19.1 cm
45° 5 - 66 % 10 - 72 % 7.4 - 16.9 cm 6.1 - 18.5 cm
90° 6 - 67 % 13 - 73 % 4.6 - 14.9 cm 3.3 - 15.9 cm

7.4.2 Options for a reliable personal dose prediction

As explained before, Ḣp(10) is supposed to provide a conservative estimate of the
effective dose. However, as shown in the previous section, the presence of the drift
increases the dose at the peripheral edges of the body. In order to study the influence
of the backscattered radiation on the Ḣp(10) dose, two cylindrical detectors at a 10 mm
depth (2 cm radius and 0.2 cm length) are modelled in the phantom (see Figure 7.3c):
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one on the front side (representing a dosimeter worn in front of the chest) and another
one on the back side (representing a dosimeter worn at the back side).

Five simulations with the phantom at angles of 0°, 15°, 45°, 60° and 90° with respect
to POLLUX-10 symmetrical axis (see Figure 7.11) and at 5 m to its surface are performed
in RSD to study the effect the orientation of the worker with respect to the shielding
cask on Ḣp(10). For each simulation the sum of Ḣp(10) obtained with the front and
back dosimeter is compared with the Ḣp(10) dose obtained with the front and back
dosimeter, respectively, to check if the use of only one dosimeter may underestimate the
total received dose. To reduce the calculation time, a geometry splitting (see section 3.2)
is applied to the drift as shown in Figure 7.13. A total of 1× 108 NPS are required to
pass the MCNP6 statistical checks ensuring conformity.

1
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64
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Figure 7.13: Phantom and cask inside the drift. The colours represent the increasing
importance

Table 7.4 shows Ḣp(10) obtained with the detector at the chest (Ḣp(10)Chest) and
at the back (Ḣp(10)Back) of the phantom (see Figure 7.3c). The sum of both detectors
Ḣp(10)Total and the contribution of each detector to Ḣp(10)Total is also included in the
table. At an angle of 0°, the frontal body part is facing the cask. Therefore, the
main contribution to Ḣp(10)Total comes from the detector at the chest. However, as the
angle between phantom and cask increases, the contribution of the detector at the back
increases. When the phantom has a 90° angle with the cask this phenomenon reaches
a maximum and the dose collected by each detector represents approximately 50 % of
Ḣp(10)Total.

If the worker wears only one dosimeter, only half of the dose will be registered when
his orientation is at an angle of 90° in relation to the cask. But if the worker tuns for
example to an angle of 180° only 14 % of the dose is recorded with one dosimeter at the
chest. Hence, the combination of Ḣp(10)Chest and Ḣp(10)Back is a simple way to account
for angular dependence and two dosimeters should be worn by the workers.
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Table 7.4: Total Ḣp(10) and contribution of chest and back detectors for the different
angles between phantom and POLLUX-10.

Angle Ḣp(10)Total Ḣp(10)Chest %Ḣp(10)Chest
Ḣp(10)Back %Ḣp(10)Back

µSv/h µSv/h % µSv/h %
0° 1.4 1.2 86 0.19 14

15° 1.5 1.3 87 0.20 13
45° 1.2 0.97 82 0.22 18
60° 1.0 0.75 75 0.26 25
90° 0.89 0.45 50 0.44 50

7.5 Radiation exposure of employees during operation in
disposal facilities

The above developed methodology, i.e. the simulation of two dosimeter in the body
of a phantom to account for angular dependence, can be employed to estimate and
assess the dose that workers receive in more complex scenarios, which correspond more
realistically to an operational scenario in a disposal drift.

7.5.1 Description of the scenario

To apply the methodology, the disposal of a POLLUX® cask in the emplacement
drift, which is based on the proposal of DBE-TECHNOLOGY GmbH (Filbert, Engel-
mann et al. 1995) has been selected as scenario. The MCNP6 models of four main
working steps in the disposal procedure are shown in Figure 7.14. The geometrical de-
scription of the main components (Figure 7.14e) can be found in (Bollingerfehr, Filbert,
Lerch et al. 2011). The disposal procedure is as follows: first the cask is transported
on a carriage through the drift with an electric locomotive with a driver sitting inside
the cabin (Figure 7.14a). Once it arrives to the disposal position, as shown in Fig-
ure 7.14b, the cask is slowly positioned under a storage equipment which elevates the
cask from the carriage to allow locomotive and carriage to drive back. Once the lo-
comotive and carriage are driven back, the storage equipment places the cask on the
ground (Figure 7.14c). Finally, as shown in Figure 7.14d, the locomotive moves the
storage equipment to the next disposal position where the steps will be carried on again
until the drift is full.

The above described steps are simulated for the disposal of POLLUX-10, POLLUX-
3M and POLLUX-3U cask since they have the same geometry. To compare the radiation
exposure, the same or a similar amount of SNF are disposed in both emplacement drifts,
i.e one POLLUX-10 cask in RSD (5.45 t HM) and three casks in CLD (one POLLUX-3M
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(a) Transport (b) Location under the storage equip-
ment

(c) Placement (d) Retreat of the storage equipment

(e) Components of the locomotive system

POLLUX®

Carriage

Locomotive

Cabin

Storage
equipment

Figure 7.14: MCNP6 model of four steps for a POLLUX® disposal scenario.

and two POLLUX-3U, in total 4.92 t HM). As relevant parameter the Ḣp(10) dose in
µSv/h is employed to compare the radiation exposure in the different working steps,
which are considered to be the same for the disposal of POLLUX-10, POLLUX-3M and
POLLUX-3U.

The driver sitting inside the cabin, represented by the BOMAB phantom, stays the
entire time inside the cabin and faces the shielding cask. Therefore, the angle between
phantom and cask is always 0°. However, the amount of backscattered radiation may
be further increased due to the reflection at the cabin walls. To perform the MCNP6
simulations, geometry splitting is used in the drift and inside the locomotive cabin to
reduce the number of transported particles (see Figure 7.15). To pass the MCNP6
statistical checks, 4× 108 NPS are required for transport and location under the storage
equipment simulations. For placement and retreat of the storage equipment 1.5× 109

NPS are required, since the distance between cask and phantom is larger.

7.5.2 Comparison of the personal dose rate in the rock salt and clay
drifts during a typical working scenario

Table 7.5 shows for the different working steps of the disposal scenario shown in
Figure 7.14 the calculated dose at the front of the chest, at the back and the sum of
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Figure 7.15: MCNP6 model of the different components of the transport train and
geometrical splitting example.

both, while %Chest and %Back are the chest and back percentage contribution to total
Ḣp(10), respectively. In the table, POLLUX-10 refers to the calculated Ḣp(10) for
each working step of the disposal in a RSD, while POLLUX-3 refers to the sum of the
calculated Ḣp(10) for two POLLUX-3U and one POLLUX-3M .

Since the angle between phantom and source is always 0°, the main contribution
to Ḣp(10) originates from the chest detector. However, comparing with the results at
0° given in Table 7.4, the contribution of the back dosimeter to Ḣp(10) for the worker
inside the cabin is higher than that for the worker standing in the drift. This effect is
attributed to additional backscattered radiation due to the cabin walls and locomotive
elements made of steel.

For an easier interpretation of the results Figure 7.16 shows a graphic comparison
of Ḣp(10) for POLLUX-10, POLLUX-3M and POLLUX-3U, as well as for the total
in the clay scenario (POLLUX-3). The calculated dose for each step is similar for
POLLUX-3M and for POLLUX-10, while that for POLLUX-3U is 70 % lower that for
POLLUX-3M, since no spent MOX fuel is stored in POLLUX-3U. However, to dispose
the same amount of waste as in a POLLUX-10, one POLLUX-3M and two POLLUX-3U
have to be employed. Therefore, Ḣp(10)Total is 35 % higher for the disposal in CLD that
in RSD. This confirms that the selection of the host rock plays an important role in
the radiation exposure of workers in such facilities since it restricts the amount of SNF
disposed in each cask which determinates the personal dose rate.
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Figure 7.16: Calculated total Ḣp(10) dose for the different casks

Table 7.5: Total Ḣp(10) and the contribution of the chest and back detectors for the
different disposal steps in RSD and CLD.

Step Cask Total Chest %Chest Back %Back
µSv/h µSv/h % µSv/h %

Transport

POLLUX-3M 2.7 2.4 87 0.35 13
POLLUX-3U 0.72 0.63 88 0.086 12
POLLUX-3 4.2 3.7 88 0.52 12
POLLUX-10 2.8 2.3 83 0.49 17

Location

POLLUX-3M 2.6 2.2 85 0.38 15
POLLUX-3U 0.72 0.63 87 0.092 13
POLLUX-3 4.0 3.5 86 0.57 14
POLLUX-10 2.6 2.1 80 0.50 20

Placement

POLLUX-3M 0.18 0.15 86 0.025 14
POLLUX-3U 0.038 0.032 85 0.0059 15
POLLUX-3 0.26 0.22 86 0.037 14
POLLUX-10 0.19 0.16 82 0.034 18

Retreat

POLLUX-3M 0.068 0.050 73 0.018 27
POLLUX-3U 0.017 0.015 85 0.0026 15
POLLUX-3 0.10 0.080 77 0.023 23
POLLUX-10 0.062 0.054 88 0.0073 12
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7.6 Concluding remarks for operation in a waste disposal
facility

The developed methodology can be applied to assess the exposure during the differ-
ent steps of nuclear waste disposal. In this work the same geometrical parameter are
considered for both emplacement drifts. However, due to the lower loading capacity of
the cask in CLD, a larger disposal space is required, resulting in a larger repository com-
pared to a repository in RSD (e.g. DBE-Tec (2016)). This leads to a longer transport
distance and also longer exposure durations. Since the transport of the cask is one of
the steps with the highest personal dose rate, it is plausible to assume that the total
personal exposure for disposal in a drift with a concrete lining (claystone or crystalline)
is higher than for a disposal in a drift in rock salt.

Since a precise description of the duration of each working step is still unknown
only a dose rate comparison is possible. The following example tries to demonstrate the
importance of this description. Let’s assume that 5 h are required to dispose a POLLUX-
10, where 4 h are headed for transport (to simplify, only transport in a drift is considered)
and the last hour is equally divided amongst the other three steps (20 min /step). For
the disposal in CLD the transport of each cask takes longer since the needed space
within the drift is larger (let’s assume 7 h). This leads to a dose of about 12 µSv and
27 µSv for RSD and CLD, respectively. However as more and more casks are disposed
in the drift, the transport time is reduced. Assuming that only 1 h is required for the
transport when the drift is almost full and that the contribution of the disposed casks
is negligible du to the distance. Since the time for the other three steps is the same, it
leads to a dose of about 4 µSv and 6 µSv for RSD and CLD, respectively.

As illustrated in the example above, the duration of the working steps (especially
the transport) plays a decisive role in the personal dose and the total collective dose in
the disposal facility. Therefore, a precise description of the different steps is necessary
to perform a proper comparison between the different disposal options and to provide
recommendations for minimizing the occupational radiation exposure.





Chapter 8

Summary and Outlook

8.1 Summary

In this work, a methodology to assess and compare the received person dose dur-
ing the disposal of high-level nuclear waste by means of the Monte-Carlo method is
developed. As a representative example, the mixed neutron-gamma radiation field of a
POLLUX® cask with spent UOX / MOX fuel in a deep geological repository has been
selected. Two different host rocks, rock salt (RSD) and claystone with a concrete lining
(CLD) are chosen to compare the radiation field and the personal dose in the disposal
drift. To compare similar amounts of SNF, a POLLUX-10 is placed in RSD, while for
CLD a POLLUX-3M and two POLLUX-3U are disposed. In addition, casks free in air
FIA are complementary investigated.

To study the radiation field, the quantity Ḣ∗(10)is used as relevant indicator. Results
show that for the selected waste inventory, neutrons are the main contributors to the
radiation dose field. The backscattered radiation of the host rock layers or the concrete
lining increases Ḣ∗(10) in the disposal drift in comparison with a cask FIA. If the same
cask is disposed in RSD and CLD a higher Ḣ∗(10) is observed in RSD. This difference
is caused by the neutron reflection of the rock salt layers which returns neutrons back
to the gallery, while in the claystone drift the presence of oxygen in the concrete lining
moderates the neutrons resulting in a lower increase of Ḣ∗(10).

To study the absorbed dose, the quantity Ḣp(10) is selected since it is supposed to
provide a conservative estimate of the effective dose. A mathematical phantom with two
detectors, one at the front side of the chest and another one at the back side representing
two dosimeters, has been modelled. Calculations with different angles between the
phantom and the cask show that there is an angular dependence of the registered dose
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rate values. This effect is enhanced if the dose rate is obtained with only one dosimeter.
Therefore, a realistic personal dose rate in such an environment requires the use of two
dosimeters.

The above described methodology is applied to the working scenario for the disposal
of a POLLUX® cask in an emplacement drift (operational application). The results of
the investigated scenario, where the worker is sitting inside the locomotive cabin and
always facing the cask, show that the main contribution to Ḣp(10) is registered from
the front detector. However, due to the additional neutron scatterings at the cabin, the
contribution of the back detector to Ḣp(10) is higher than with the worker just standing
alone in the drift. The calculated personal dose rate for each working step is similar
for POLLUX-3M and for POLLUX-10 while for POLLUX-3U it is much lower since no
MOX is disposed in the cask. However, to dispose the same amount of waste as in the
RSD, three casks have to be placed in the CLD. Therefore, each disposal step has to be
carried out three times (one POLLUX-3M and two POLLUX-3U), which finally leads
to a higher Ḣp(10) dose for the workers in the CLD disposal case.

To verify the developed methodology, a laboratory and a numerical approach are
conducted to elaborate the accuracy threshold of the results obtained with the simu-
lations. In the laboratory approach, experiments are performed at the TUD-NG. The
D+D fusion reaction is used to generate 2.5 MeV neutrons since this energy is close to
the average energy range of neutrons in shielding casks loaded with SNF. To measure
the spectra, a NE-213 detector is taken since it is able to measure both fast neutrons
and gamma rays. Different configurations of layers of steel and polyethylene between
the target of the generator and the detector are analysed to mimic the typical structure
of a shielding cask. Corresponding simulations with MCNP6 have been conducted.

The measurement results show that an important part of the 2.5 MeV emitted neut-
rons undergo an inelastic scattering with the iron and copper present around the neutron
target, which implies the appearance of a second peak in the neutron spectra around
1.7 MeV corresponding to the energy of the scattered neutrons. The experimental and
simulated neutron spectra are in good agreement within the measurement accuracy
window. MCNP6 is able to reproduce both neutron peaks with a difference lower than
10 %, which is attributed to the uncertainties in the detector response and unfolding
procedure. The measured gamma ray spectra are in concordance with the gamma ray
lines expected according to the main excitation states of iron and copper stemming from
(n,n′γ) reactions. The low energy resolution of the NE-213 detector for gamma rays
does not allow to observe clear peaks for the different gamma rays. Instead, a curve
including many of them has been observed with an average difference of 60 % with the
measurements. However, taking in account these limitations, results show that the use
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of a neutron generator is suitable to assess simulation scenarios with shielding casks
containing spent nuclear fuel.

To analyse the impact of the nuclear cross section uncertainties, the software package
SCALE is used. Simulations with random perturbations on the ENDF nuclear cross
section libraries are performed for a POLLUX® cask in vacuum with respect to the
Ḣ∗(10) dose. Although the current version of SCALE provides not much information
about how the cross sections are perturbed, the results show that the perturbations
have a measurable influence on Ḣ∗(10) dose. Nevertheless, the influence is marginal
compared to the other effects to be neglected in further computation dose.

A comparison between Ḣ∗(10) dose obtained with SCALE andMCNP6 for a POLLUX®

cask in vacuum exhibits minor differences which are attributed to the physics of the em-
ployed tally and the different cross section libraries. Nevertheless, the differences are
small enough to affirm that both codes give similar results for the calculated problem.
Hence, MCNP6 is preferred since it offers some advantages like lower calculation time,
a more intuitive input and a higher diversity of tallies that make it better to perform
complicate Monte-Carlo problems.

The experimental and numerical approach confirmed that the interval of confidence
of the employed code is small enough to consider the results obtained in this study as
validated in an engineering sense. Therefore, the developed methodology exhibits very
promising prospects to perform dose predictions for operational procedures in nuclear
waste disposal facilities as they may be required by licensing authorities.

8.2 Outlook

Based on the methods and tools presented in this work, further calculations and
measurements could be performed in the future. Although this work already verifies and
engineering validates that the developed methodology is consistent and can be applied
to the dose assessment in disposal facilities, some aspects still require improvements.

First, the sensitivity analysis performed with SCALE shows that the perturbations
on the cross sections have an influence on the calculated dose. Even if it has been found
that the influence is small enough to be neglected, the current version of SCALE does
no allow to study which cross section perturbations have a higher influence in these
results. A new version of SCALE is expected to be released in 2018. According to the
developers, this version will allow to select cross sections of isotopes to perform specific
perturbations. The calculations performed with SCALE in this work could be repeated
once the new version is available to complete the sensitivity study. This study will allow
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to explain why in some isolated cases the difference with the unperturbed values are
higher than 50 %.

Second, the precision of the MCNP6 code to simulate neutron induced photons in
the experiments with the TUD-NG is only partially demonstrated since the employed
NE-213 detector has not enough energy resolution to observe clear gamma ray peaks.
A possible approach to enhance this comparison is the use of a Germanium detector to
measure the gamma rays since it has a much higher gamma ray resolution. Although
this results do not affect directly the present work, since the radiation field is dominated
by neutrons, it will be decisive for the study of other scenarios where the contribution
of the gamma energies play a more important role.

Finally, the results of this work shown that the position and orientation of the worker
relative to the radiation source play an important role in the calculated/measured dose.
Therefore, a study of the effective dose under this irradiation conditions should be per-
formed to verify if the Ḣp(d) is still a conservative assessment. In the affirmative case
the question arises if Ḣp(10) is the adequate assessment. According to the newest ICRP
recommendation, the eye lens dose (Hp(3)) limit is now at the same level than the one
from Hp(10) at 20 mSv/yr. In this work Ḣp(10) has been employed in view of the old
Hp(3) limit of 20 mSv/yr. However, simulations with a modification on the phantom to
measure Ḣp(3) should be repeated to check if the obtained values are under the dose
limits. The final goal must be however, to simulate the 3-D dose distribution in the
entire body.

For the characterization of the radiation field and the absorbed dose, only neutrons
coming from the SNF and neutron induced photons in the worker body are considered.
Although this is true for the selected nuclear waste inventory, for inventories with other
cooling times or compositions this may be different. Since the disposed waste is expected
to stay several hundreds to thousands of years, a study for other time periods must be
performed to determine if the conclusions obtained in this work may be extrapolated to
longer time scales, which is of interest to perform occupational radiation exposure simu-
lations for workers involved in retrieval scenarios. However, the employed methodology,
i.e. the use of two dosimeters one at the chest and one at the back, is supposed to be
similar as described here.

In this work only the deep geological disposal in rock salt and claystone are compared
assuming that the working steps are similar. However, to perform a proper comparison
between different disposal options, a precise description of the boundary conditions, i.e.
exact geometry of the disposal drift, duration of the different working steps, etc. which
is still not available but is necessary to provide recommendations for minimizing the
occupational radiation exposure.
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This work focused on the deep geological disposal of nuclear waste. However, there
are other scenarios like the long-term above-ground storage or nuclear power plants
where workers are also exposed to neutron-gamma radiation fields. In these scenarios it
is also of interest to apply Monte-Carlo methods to a reliable and predictive in advance
planning phase to estimate the personal dose of occupational exposure. However, since
these scenarios do not have the same boundary conditions as the ones described in this
work, the steps followed in the developed methodology, i.e. definition of the source terms,
study of boundary factors impacting on the dose rate and study of the radiologically
weighted absorbed dose, have to be repeated to verify if the recommendations of this
work, i.e. considering only the main emission source and backscattering and employing
two dosimeters to assess the dose, can be applied.





Appendix A

Extra calculations performed
with MCNP6 and SCALE

A.1 Calculations with SAMPLER for POLLUX-10
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Figure A.1: SCALE model of a POLLUX-10 cask and position of the dose detectors.
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(b) Neutron induced photons

Figure A.2: Calculated Ḣ∗(10) dose at position T50 for the 100 cases by SAMPLER.
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(b) Neutron induced photons

Figure A.3: Calculated Ḣ∗(10) dose at position B50 for the 100 cases by SAMPLER.
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(b) Neutron induced photons

Figure A.4: Calculated Ḣ∗(10) dose at position R50 for the 100 cases by SAMPLER.

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 0
4

5

6

7

8

9

Am
bie

nt 
dos

e e
qui

val
ent

 rat
e (µ

Sv/
h)

C a s e

 U n p e r t u r b e d  c a s e
 P e r t u r b e d  c a s e s

+
- 1 0 %

(a) Neutrons

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 0

0 . 0 2

0 . 0 3

0 . 0 4

0 . 0 5

0 . 0 6

Am
bie

nt 
dos

e e
qui

val
ent

 rat
e (µ

Sv/
h)

C a s e

 U n p e r t u r b e d  c a s e
 P e r t u r b e d  c a s e s

+
- 1 0 %

(b) Neutron induced photons

Figure A.5: Calculated Ḣ∗(10) dose at position T100 for the 100 cases by SAMPLER.
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Figure A.6: Calculated Ḣ∗(10) dose at position B100 for the 100 cases by SAMPLER.
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Figure A.7: Calculated Ḣ∗(10) dose at position R100 for the 100 cases by SAMPLER.
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Figure A.8: Calculated Ḣ∗(10) dose at position T200 for the 100 cases by SAMPLER.
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(b) Neutron induced photons

Figure A.9: Calculated Ḣ∗(10) dose at position B200 for the 100 cases by SAMPLER.
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(b) Neutron induced photons

Figure A.10: Calculated Ḣ∗(10) dose at position R200 for the 100 cases by
SAMPLER.
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A.2 Contribution of the different radiation types to the POLLUX® emission
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Figure A.11: Calculated contribution of different radiation to Ḣ∗(10) dose at the top of the POLLUX® in vacuum.
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Figure A.12: Calculated contribution of different radiation to Ḣ∗(10) dose at the bottom of the POLLUX® in vacuum.
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Figure A.13: Calculated contribution of different radiation to Ḣ∗(10) dose at the lateral of the POLLUX® in vacuum.
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A.3 Dependence of host rock conditions on Ḣ∗(10)
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(d) Neutron induced photons POLLUX-3M
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Figure A.14: Calculated distance dependence of Ḣ∗(10) dose for three different drift
layers in the X-direction.
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Figure A.15: Calculated spectral neutron fluence rate at 1 m distance from cask
surface for different host rocks.
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A.4 Spatial dependence of absorbed dose from the source
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(b) Concrete Lining Drift 1 m to cask surface
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(d) Rock Salt Drift 10 m to cask surface
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(f) Free In Air 10 m to cask surface

Figure A.16: Calculated evolution of Ḣp(d) dose with depth for a phantom facing the POLLUX-10 to its surface.
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Figure A.17: Calculated evolution of Ḣp(d) dose for the body depth at 5 m to POLLUX-10 surface.





Appendix B

Nuclear waste inventory for the
POLLUX® casks

B.1 Source composition

The following table presents the isotopic composition of the simulated Spent Nuclear
Fuel (SNF) for each cask in MCNP6 and SCALE. Nuclide with an abundance lower than
1.0× 10−4 % are not simulated since their impact on the overall behaviour of the emitted
particles moving through the SNF can be neglected.

Table B.1: Percentage composition of the SNF disposed in each POLLUX® cask.

Material POLLUX-10 POLLUX-3M POLLUX-3U

Spent Nuclear Fuel

14N 3.32× 10−1 6.46× 10−1 6.46× 10−1

16O 1.42× 10−1 1.90× 10−1 1.89× 10−1

94Zr 2.52× 10−2 7.57× 10−3 7.57× 10−3

96Zr 4.06× 10−3 1.22× 10−3 1.22× 10−3

100Mo 6.04× 10−4 1.82× 10−4 1.82× 10−4

102Ru 0.00× 100 0.00× 100 1.60× 10−4

132Xe 7.56× 10−4 2.28× 10−4 2.27× 10−4

134Xe 9.82× 10−4 2.93× 10−4 2.96× 10−4

136Xe 1.49× 10−3 4.27× 10−4 4.55× 10−4

133Cs 6.82× 10−4 2.06× 10−4 2.04× 10−4

137Ba 5.73× 10−4 1.72× 10−4 1.72× 10−4

138Ba 8.34× 10−4 2.47× 10−4 2.52× 10−4
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114 Radioactive emission probability

Table B.1: Percentage composition of the SNF disposed in each POLLUX® cask.

Material POLLUX-10 POLLUX-3M POLLUX-3U

139La 7.76× 10−4 2.30× 10−4 2.35× 10−4

140Ce 7.83× 10−4 2.30× 10−4 2.36× 10−4

142Ce 7.17× 10−4 2.09× 10−4 2.17× 10−4

141Pr 7.05× 10−4 2.09× 10−4 2.13× 10−4

144Nd 8.69× 10−4 2.40× 10−4 2.70× 10−4

235U 2.42× 10−3 6.34× 10−4 7.66× 10−4

236U 2.02× 10−3 4.72× 10−4 6.64× 10−4

238U 3.56× 10−1 1.06× 10−1 1.07× 10−1

239Pu 3.06× 10−3 1.38× 10−3 7.24× 10−4

240Pu 1.82× 10−3 1.02× 10−3 3.47× 10−4

242Pu 6.32× 10−4 3.60× 10−4 0.00× 100

241Am 9.90× 10−4 5.39× 10−4 1.96× 10−4

Structural material

90Zr 7.47× 10−2 2.24× 10−2 2.24× 10−2

91Zr 1.63× 10−2 4.89× 10−3 4.89× 10−3

92Zr 2.49× 10−2 7.47× 10−3 7.47× 10−3

B.2 Radioactive emission probability

Tables with the emission probability for neutrons and gammas are listed below.
Energy intervals are used for each neutron energy probability since neutrons have a
continuous spectrum (Table B.2), while for photons, a discrete spectrum is simulated
(Table B.3)

Table B.2: Calculated neutron emission probability for the SNF disposed in each
POLLUX® cask type.

Energy range
POLLUX-10 POLLUX-3M POLLUX-3U

(MeV)

<1.00× 10−6 0.00× 100 0.00× 100 0.00× 100

1.0× 10−6 2.0× 10−5 4.89× 10−8 4.79× 10−8 4.81× 10−8

2.0× 10−5 4.0× 10−5 6.78× 10−8 6.72× 10−8 6.60× 10−8

4.0× 10−5 6.0× 10−5 1.15× 10−7 1.14× 10−7 1.13× 10−7

6.0× 10−5 8.0× 10−5 5.27× 10−8 5.23× 10−8 5.21× 10−8
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Table B.2: Calculated neutron emission probability for the SNF disposed in each
POLLUX® cask type.

Energy range
POLLUX-10 POLLUX-3M POLLUX-3U

(MeV)

8.0× 10−5 1.0× 10−4 1.49× 10−7 1.47× 10−7 1.46× 10−7

1.0× 10−4 2.0× 10−4 6.44× 10−7 6.36× 10−7 6.32× 10−7

2.0× 10−4 4.0× 10−4 1.94× 10−6 1.92× 10−6 1.91× 10−6

4.0× 10−4 6.0× 10−4 2.60× 10−6 2.57× 10−6 2.55× 10−6

6.0× 10−4 8.0× 10−4 3.03× 10−6 2.99× 10−6 2.97× 10−6

8.0× 10−4 1.0× 10−3 3.42× 10−6 3.38× 10−6 3.36× 10−6

1.0× 10−3 2.0× 10−3 2.19× 10−5 2.16× 10−5 2.15× 10−5

2.0× 10−3 4.0× 10−3 6.20× 10−5 6.12× 10−5 6.09× 10−5

4.0× 10−3 6.0× 10−3 8.04× 10−5 7.94× 10−5 7.89× 10−5

6.0× 10−3 8.0× 10−3 9.51× 10−5 9.39× 10−5 9.34× 10−5

8.0× 10−3 1.0× 10−2 1.08× 10−4 1.06× 10−4 1.06× 10−4

1.0× 10−2 2.0× 10−2 6.90× 10−4 6.82× 10−4 6.78× 10−4

2.0× 10−2 4.0× 10−2 1.94× 10−3 1.92× 10−3 1.91× 10−3

4.0× 10−2 6.0× 10−2 2.48× 10−3 2.46× 10−3 2.44× 10−3

6.0× 10−2 8.0× 10−2 2.91× 10−3 2.88× 10−3 2.86× 10−3

8.0× 10−2 1.0× 10−1 3.27× 10−3 3.23× 10−3 3.21× 10−3

1.0× 10−1 2.0× 10−1 2.04× 10−2 2.01× 10−2 2.00× 10−2

2.0× 10−1 4.0× 10−1 5.32× 10−2 5.25× 10−2 5.22× 10−2

4.0× 10−1 6.0× 10−1 6.19× 10−2 6.11× 10−2 6.07× 10−2

6.0× 10−1 8.0× 10−1 6.55× 10−2 6.46× 10−2 6.42× 10−2

8.0× 10−1 1.0× 100 6.61× 10−2 6.52× 10−2 6.48× 10−2

1.0× 100 1.2× 100 6.48× 10−2 6.40× 10−2 6.37× 10−2

1.2× 100 1.4× 100 6.23× 10−2 6.16× 10−2 6.14× 10−2

1.4× 100 1.6× 100 5.89× 10−2 5.86× 10−2 5.84× 10−2

1.6× 100 1.8× 100 5.51× 10−2 5.50× 10−2 5.50× 10−2

1.8× 100 2.0× 100 5.11× 10−2 5.13× 10−2 5.15× 10−2

2.0× 100 2.2× 100 4.69× 10−2 4.75× 10−2 4.78× 10−2

2.2× 100 2.4× 100 4.29× 10−2 4.37× 10−2 4.42× 10−2

2.4× 100 2.6× 100 3.89× 10−2 3.99× 10−2 4.05× 10−2

2.6× 100 2.8× 100 3.51× 10−2 3.62× 10−2 3.68× 10−2

2.8× 100 3.0× 100 3.16× 10−2 3.26× 10−2 3.31× 10−2

3.0× 100 3.2× 100 2.83× 10−2 2.91× 10−2 2.96× 10−2

3.2× 100 3.4× 100 2.52× 10−2 2.59× 10−2 2.63× 10−2



116 Radioactive emission probability

Table B.2: Calculated neutron emission probability for the SNF disposed in each
POLLUX® cask type.

Energy range
POLLUX-10 POLLUX-3M POLLUX-3U

(MeV)

3.4× 100 3.6× 100 2.24× 10−2 2.29× 10−2 2.32× 10−2

3.6× 100 3.8× 100 1.99× 10−2 2.02× 10−2 2.03× 10−2

3.8× 100 4.0× 100 1.76× 10−2 1.78× 10−2 1.78× 10−2

4.0× 100 4.2× 100 1.55× 10−2 1.55× 10−2 1.55× 10−2

4.2× 100 4.4× 100 1.37× 10−2 1.36× 10−2 1.35× 10−2

4.4× 100 4.6× 100 1.20× 10−2 1.18× 10−2 1.17× 10−2

4.6× 100 4.8× 100 1.05× 10−2 1.03× 10−2 1.02× 10−2

4.8× 100 5.0× 100 9.19× 10−3 9.03× 10−3 8.93× 10−3

5.0× 100 5.2× 100 8.02× 10−3 7.88× 10−3 7.79× 10−3

5.2× 100 5.4× 100 6.99× 10−3 6.87× 10−3 6.79× 10−3

5.4× 100 5.6× 100 6.08× 10−3 5.97× 10−3 5.90× 10−3

5.6× 100 5.8× 100 5.28× 10−3 5.19× 10−3 5.13× 10−3

5.8× 100 6.0× 100 4.59× 10−3 4.50× 10−3 4.44× 10−3

6.0× 100 6.2× 100 3.97× 10−3 3.90× 10−3 3.85× 10−3

6.2× 100 6.4× 100 3.44× 10−3 3.37× 10−3 3.33× 10−3

6.4× 100 6.6× 100 2.97× 10−3 2.92× 10−3 2.88× 10−3

6.6× 100 6.8× 100 2.57× 10−3 2.52× 10−3 2.48× 10−3

6.8× 100 7.0× 100 2.21× 10−3 2.17× 10−3 2.14× 10−3

7.0× 100 7.2× 100 1.91× 10−3 1.87× 10−3 1.85× 10−3

7.2× 100 7.4× 100 1.64× 10−3 1.61× 10−3 1.59× 10−3

7.4× 100 7.6× 100 1.41× 10−3 1.38× 10−3 1.37× 10−3

7.6× 100 7.8× 100 1.21× 10−3 1.19× 10−3 1.17× 10−3

7.8× 100 8.0× 100 1.04× 10−3 1.02× 10−3 1.01× 10−3

8.0× 100 8.2× 100 8.91× 10−4 8.75× 10−4 8.63× 10−4

8.2× 100 8.4× 100 7.64× 10−4 7.49× 10−4 7.39× 10−4

8.4× 100 8.6× 100 6.54× 10−4 6.42× 10−4 6.33× 10−4

8.6× 100 8.8× 100 5.59× 10−4 5.49× 10−4 5.41× 10−4

8.8× 100 9.0× 100 4.78× 10−4 4.69× 10−4 4.63× 10−4

9.0× 100 9.2× 100 4.08× 10−4 4.01× 10−4 3.95× 10−4

9.2× 100 9.4× 100 3.48× 10−4 3.42× 10−4 3.37× 10−4

9.4× 100 9.6× 100 2.97× 10−4 2.92× 10−4 2.88× 10−4

9.6× 100 9.8× 100 2.53× 10−4 2.49× 10−4 2.45× 10−4

9.8× 100 1.0× 10+1 2.16× 10−4 2.12× 10−4 2.09× 10−4
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Table B.2: Calculated neutron emission probability for the SNF disposed in each
POLLUX® cask type.

Energy range
POLLUX-10 POLLUX-3M POLLUX-3U

(MeV)

>1.00× 101 0.00× 100 0.00× 100 0.00× 100

Table B.3: Calculated gamma emission probability for the SNF disposed in each
POLLUX® cask type.

Energy
POLLUX-10 POLLUX-3M POLLUX-3U

(MeV)

2.634× 10−2 4.18× 10−3 8.79× 10−5 2.84× 10−3

2.704× 10−2 1.08× 10−3 2.26× 10−5 7.31× 10−4

3.320× 10−2 2.09× 10−4 4.40× 10−6 1.42× 10−4

5.954× 10−2 6.20× 10−2 1.30× 10−3 4.20× 10−2

1.231× 10−1 1.74× 10−3 8.73× 10−2 1.63× 10−3

1.883× 10−1 1.00× 10−5 5.04× 10−4 9.40× 10−6

2.479× 10−1 2.98× 10−4 1.50× 10−2 2.79× 10−4

4.013× 10−1 8.32× 10−6 4.18× 10−4 7.79× 10−6

4.444× 10−1 2.43× 10−5 1.22× 10−3 2.27× 10−5

4.783× 10−1 9.63× 10−6 4.84× 10−4 9.01× 10−6

5.576× 10−1 1.15× 10−5 5.77× 10−4 1.08× 10−5

5.819× 10−1 3.81× 10−5 1.92× 10−3 3.57× 10−5

5.918× 10−1 2.14× 10−4 1.08× 10−2 2.00× 10−4

6.252× 10−1 1.37× 10−5 6.87× 10−4 1.28× 10−5

6.617× 10−1 9.26× 10−1 6.44× 10−1 9.48× 10−1

6.766× 10−1 6.33× 10−6 3.18× 10−4 5.93× 10−6

6.925× 10−1 7.71× 10−5 3.87× 10−3 7.21× 10−5

7.158× 10−1 7.84× 10−6 3.94× 10−4 7.34× 10−6

7.234× 10−1 8.67× 10−4 4.35× 10−2 8.11× 10−4

7.569× 10−1 1.95× 10−4 9.77× 10−3 1.82× 10−4

8.155× 10−1 2.20× 10−5 1.11× 10−3 2.06× 10−5

8.454× 10−1 2.53× 10−5 1.27× 10−3 2.37× 10−5

8.506× 10−1 1.03× 10−5 5.18× 10−4 9.66× 10−6

8.732× 10−1 5.23× 10−4 2.63× 10−2 4.89× 10−4

8.927× 10−1 2.20× 10−5 1.11× 10−3 2.06× 10−5

9.041× 10−1 3.83× 10−5 1.92× 10−3 3.58× 10−5
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Table B.3: Calculated gamma emission probability for the SNF disposed in each
POLLUX® cask type.

Energy
POLLUX-10 POLLUX-3M POLLUX-3U

(MeV)

9.960× 10−1 4.48× 10−4 2.25× 10−2 4.19× 10−4

1.005× 100 7.71× 10−4 3.87× 10−2 7.21× 10−4

1.118× 100 4.52× 10−6 2.27× 10−4 4.23× 10−6

1.129× 100 1.34× 10−5 6.74× 10−4 1.26× 10−5

1.141× 100 1.01× 10−5 5.07× 10−4 9.45× 10−6

1.241× 100 5.73× 10−6 2.88× 10−4 5.36× 10−6

1.246× 100 3.71× 10−5 1.86× 10−3 3.47× 10−5

1.275× 100 1.51× 10−3 7.57× 10−2 1.41× 10−3

1.494× 100 3.01× 10−5 1.51× 10−3 2.82× 10−5

1.597× 100 7.72× 10−5 3.88× 10−3 7.22× 10−5
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