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Summary

In the framework of the pre-licensing phase of MYRRHA, the source term assess-
ment is carried out for the MOX fuel and LBE coolant to provide safety-relevant
pieces of information.

The buildup of activation and spallation products in the LBE during operation
and after shutdown of the reactor is estimated. The attention is focused the sub-
critical configuration, in which higher particle fluxes are expected with enhanced
production of safety concerning radionuclides.
In the spallation target assembly, where the linear accelerator is locates, the worst
conditions are expected and the focus is given to the estimation of nuclide inventory
in this region. Among safety concerning volatile nuclides 3H, 195Hg, 197Hg and
210Po convey the largest dose. The latter is also the main contributor to decay heat
in the first decay period after shutdown. Most of the nuclides analysed are mainly
generated by spallation reactions, whose relevance reduces moving further from the
spallation target.

The source term in the fuel is assessed from the nuclide inventory in every fuel
assembly present in the core after one irradiation cycle starting from the equilibrium
condition. The buildup of volatile nuclides as function of burnup is estimated,
showing that the peak concentration of short lived nuclides is reached when the FA
is irradiated in the central position, while the long lived fission products reach the
maximum concentration when the fuel assembly has the highest burnup and has
been reshuffled in all core positions.
From the nuclide inventory, envelope activity and decay heat curves are drawn for
a period of 70 y of decay. Comparison of critical and sub-critical configuration is
presented for all the observables.

Power levels in the fuel assemblies of the equilibrium core provide the normal-
ization condition for a fuel assembly depletion model. The FA model is built in
Serpent2, it mimics the fuel assembly reshuffling in the core and it is suitable
for uncertainty analysis. Input parameter such as nuclear data (cross sections
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and neutron fission products yields) are perturbed to estimate the impact on the
observables of the analysis: volatile fission products, actinides relevant for spent
nuclear fuel and decay heat.
Cross sections uncertainties have an impact of plutonium and minor actinides. The
only volatile with relevant statistical variation is 134Cs. In contrast, the perturba-
tion of fission yields directly impacts the degree of final uncertainty computed for
fission products. The uncertainty on integral parameters, such as decay heat, is
determined by the concentration uncertainty of the nuclides contributing to the
decay heat rate as function of decay time.
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Chapter 1

Introduction

Electricity accounts for about 20% of the world’s total final consumption of energy
according to [1] and the demand is increasing up to 150% by 2050. At the end
of 2021, the world’s total nuclear power capacity was 389.5 gigawatts (electrical)
(GW(e)) and it accounts for about 10% of the global electricity production and
more than a quarter of the world’s low carbon electricity production [2]. The
current nuclear reactor fleet is old and replacement is necessary to keep providing
the same share of energy production in the near future.

Climate change is one of the driver to maintain and expand the use of nuclear
power since it avoids emission of CO2 in atmosphere which is the main concern
regarding to climate change. Most of the technologies to introduce to reach the net
zero emission in 2050 are currently under development and it is particularly true
for nuclear power reactors: advanced reactors are under investigation with the aim
of providing clean energy at an affordable price, focusing on safety aspects and
spent fuel management.
In this framework, the R&D on Generation-IV nuclear reactor technologies is
particularly important to ensure the highest level of safety and performance. On
this respect, liquid metal cooled reactors [3] offer many advantages:

• low pressure operation thanks to the high melting and boiling point;

• better fuel utilization and less high-level waste production thanks to the fast
neutron spectra;

• high power density with a low coolant to fuel ratio thanks to more effective
coolant than water;

• high coolant density that promotes natural convection cooling and mitigation
of thermal transients;
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• high retention properties of the coolant for some fission products.

The feasibility of this technology has to be investigated and MYRRHA research
reactor will serve the purpose. It will also play a key role in the nuclear waste
treatment, that remains the main environmental concern related to nuclear power
since the radioactive waste can remain radioactive and dangerous to human health
for thousands of years.

1.1 MYRRHA project
MYRRHA is the Multi-purpose hYbrid Research Reactor for High-tech Applications
being developed at SCK CEN since 2004 [4]. It is the world’s first large scale
Accelerator Driven System (ADS) that consists of a sub-critical nuclear reactor
driven by a high power linear accelerator. The proposed cut view of the reactor
vessel is shown in Fig. 1.1; the picture is taken from [5].

Figure 1.1: MYRRHA reactor glimpse with emphasis to the features analyzed
during the work. The picture is taken from [5].

Linear accelerator
The linear accelerator accelerates the protons up to the energy of 600 MeV. At
the end of the linac the 4 mA proton beam is injected into the reactor, generating
fast neutron fluence by hitting the heavy nuclei in the spallation target of the reactor.

2
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LBE coolant and spallation target
MYRRHA is a pool type reactor and it operates near to the atmospheric pressure.
It is cooled by Lead-Bismuth Eutectic (LBE), that also serves as spallation target.
LBE has been selected as for several reasons:

• Wide operating temperature range: LBE has a relatively low melting point
(125 ºC) when compared with its individual components (lead 327 ºC, bismuth
271 ºC), while it boils only above 1670 ºC;

• Excellent heat conductivity: LBE enables the reactor’s primary system to
operate under normal pressure;

• Radiation shielding: LBE is an excellent radiation shield that blocks gamma
radiation.

• Virtually transparent to neutrons: LBE is an ideal medium as spallation source
inside the reactor where the linac’s proton beam is converted into neutrons
required to sustain the fission reaction;

• Fuel mix: LBE allows a wide variety of fuels to be used besides uranium 235
and 238, including mixed oxide fuels. In particular, simulations indicate that
linac driven, LBE cooled reactors may contain up to 30% of long-lived minor
actinides, such as neptunium, americium and curium;

• LBE based reactors use far less nuclear fuel and produce far less nuclear waste.

MOX fuel
Recycled spent nuclear fuel reprocessed into Mixed Oxide Uranium fuel (MOX) is
the target fuel of MYRRHA. MOX pellets with plutonium content of 30% will be
loaded in the reactor.

The combination of the three features makes MYRRHA the perfect facility where
to perform trasmutation of minor actinides since they guarantee fast spectrum
and higher fission-to-capture ratio increasing the fuel utilization and creating less
by-products by neutron capture. This will have a positive impact on both safety
and economics of the final disposal by reducing the waste’s total radiotoxicity and
the final repository size.

1.2 Source term assessment
The source term refers to the magnitude and mix of the radionuclides released from
the different components of the reactor. Determining the source term is a critical
component in the licensing process of the reactor since it estimates the amount of
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risk associated to a certain accidental condition in term of health and environmental
consequences. The source term analyzed in this work comes from MYRRHA fuel
and LBE, after being irradiated by particles fluxes. The work carried out for
the thesis follows the structure of the source term assessment performed for the
previous MYRRHA design versions [6], [7].

Volatile nuclides
Volatile nuclides produced pose the major concern in term of effective dose since
they can be released during accidental conditions and spread in the environment
outside the reactor envelope. Postulated events bringing to release of volatiles
together with the major contributors to the effective dose are already identified
and extensively discussed in SCK CEN internal reports. They take as an input the
source term produced in previous MYRRHA design versions and new evaluation of
the source term is requested to update the safety studies.

Decay heat
The source term is employed to derive the decay heat, i.e. the power generated in
a certain component after the shut down of the reactor. It is the energy associated
to the decay of the radionuclides composing the source term and it must be equally
assessed to establish the cooling requirements of a component after it is unloaded
from the reactor. A valuable piece of information is the magnitude of decay heat
produced in the fuel assembly when unloaded from the core, used to design and
dimension the handling equipment.

1.2.1 Reference accidental conditions and related observ-
ables

Accidental conditions
The conditions taken into accounts for the assessment are those in which poten-
tially concerning radionuclides spread in the environment as a consequence of an
accidental situation. The accidental conditions are fully analysed in specific SCK
CEN internal reports.

• Release of volatile activation/spallation/fission products from the core through
the cover gas is assumed in case of large break of the cover barrier or proton
beam misalignment causing the beam to burn through the beam tube at cover
gas level. The release of fission products happens only if fuel pin crack is
assumed [8].

• LBE volatile activation/spallation products also spread in the outer envi-
ronment in case of failure in the LBE Conditioning System (LBECS failure)
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[9].

• FA mechanical failure during unloading procedure in which the failure of all
the fuel pins is assumed for conservatism [10].

Radionuclide observables in the accidental conditions
The previous source term assessments provided the results necessary to identify the
nuclides responsible to the largest dose in case of accidental release. The present
work aims to estimate their production in the new MYRRHA design release and to
include other nuclides if relevant.
The exhaustive list of nuclides relevant in each condition is available in the SCK
CEN reports carefully describing the accidental sequences.
A reduced list containing the priority nuclides is selected and analysed in this work:

• LBE activation, spallation products: 210Po, that is not only contributing to
the dose in case of accident but it is also the driver of LBE decay heat in the
short term, 3H, 197Hg, 194Hg, 203Hg, 195Hg, 16N;

• volatile fission products produced in the fuel. Noble gases, such as xenon and
kripton isotopes, 131I and 133I, 134Cs and 137Cs contributing to the activity
after discharge, 3H, 125Sb and tellurium isotopes such as 127mTe, 129mTe and
133Te.

The activity and decay heat are observables derived directly from the source
term. The activity level of fuel and LBE is estimated to assess their radiotoxicity
and the major contributors are identified. The same analysis is carried out for the
decay heat.

A deeper analysis is performed at fuel assembly level: the activity and decay heat
rate of a FA unloaded from the core must be evaluated to establish the safety limits
and dimensioning the handling system. Fuel assemblies unloaded from different
positions in the core will have different compositions, as a result they will provide
different level of activity and decay heat. The unloading of all the FA present in
the core at a certain time was simulated to study their decay separately.
The evolution of the decay heat rate is evaluated for a period of 70 years after
discharge in analogy with the other outputs, with particular interest to the value
after 90 and 420 days of decay, corresponding to the possible moments in which
the FA is removed from the IVFS. Moreover the major contributors to decay heat
as function of decay time are determined, which contribute the most to decay heat
uncertainty.

5



Chapter 2

Theoretical background

This chapter is devoted to present the theoretical concepts used to carry out the
work and to analyze the output obtained.

2.1 Particle-matter interaction
Particle-matter interaction [11] consists of the energy transfer between a projectile
particle and a physical target. The nature of interaction depends mainly on the
nature of the incoming particle and its energy. For the purpose of the work the
discussion is limited to neutrons and protons. The latter are provided by the
accelerator and they undergo spallation reactions.

2.1.1 Spallation reactions
A high energy proton beam is employed in MYRRHA as external driver. The
beam is produced by a linear particle accelerator, a machine using alternating radio
frequency (RF) electromagnetic fields to accelerate charged particles in a straight
line [12].
The interactions of high-energy particles with the coolant just below the beam
are called spallation reactions. Spallation is a violent reaction in which a target
is bombarded by very high energy particles [13]. The impinging particle, proton
for example, breaks the target nucleus in several fragments: protons, neutrons,
α-particles and other particles are emitted. The general formulation for a spallation
reaction is written as

p + ST → SF1 + SF2 + ... + SFm + (k)n, (2.1)

in which ST is the spallation target and SF are the fragments. The number of
neutrons generated k depends on the both the characters involved. The energy
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ranges from a few eV to several GeV with the energy of the projectile as upper
bound. Spallation targets can be solid of liquid and are usually constituted by
high-Z nuclei: an eutectic compound of lead and bismuth is used in MYRRHA.

2.1.2 Neutron-matter interaction
Neutrons are neutral particles and therefore they do not participate in the elec-
tromagnetic interaction and do not produce ionization of the atoms. They are
generated by several kind of sources: we already discussed about spallation, other
phenomena are spontaneus fission and (α, n) reactions.

The main process of neutron interaction [14] with matter is by nuclear forces.
Unlike charged particles, neutrons collide rarely with atoms but in these interaction
they can lose either all or a large part of their energy, which is caused by the
short-range nature of nuclear forces. Since neutrons do not have an electric charge,
they freely penetrate through the electron shells of atoms and are not repelled by
the Coulomb field of the nucleus.
When considering possible energy transfer among neutrons and other particles it
is useful to separate them in several groups depending on the neutron energy. A
special group of neutrons are thermal neutron, those that are in thermal equilibrium
and they present a Maxwellian distribution.
The main nuclear reactions the neutrons take part are:

• (n, n) is the elastic or inelastic scattering of neutrons by nuclei;

• (n, γ) is the radiative capture reaction, at which a photons is released from
the nucleus;

• (n, α) is the reaction with the emission of an alpha particle;

• (n, p) is the reaction with a proton emission;

• (n, f) is the fission reaction of the nucleus, in which it is split in two (or rarely
more) fission fragments

For the sake of simplicity only the most common reactions are listed but other
interactions happen with lower probability and they are taken into account during
neutronic evaluations.
The interaction probability is defined by the microscopic cross section σ, that
represents the impact area of the neutron in the target and for this reason it is
measured in barn = 1e − 24 cm2. The microscopic cross section for the interaction
i is denoted σi(E) and it depends on the target nuclide as well as the neutron
energy. The probability of absorption is the sum of all the interactions bringing to
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the disappearence of the incoming neutron; it is denoted as σa and is split amongst
capture and fission, eq. (2.2). Neutron scattering changes the neutron position
in the phase space, by modifying position, energy and angle. The phenomenon
is divided in elastic (σes) and inelastic (σis), in which part of the neutron energy
is transferred to the target nuclide. The total cross section (σt) represents the
probability of a neutron to undergo an interaction of any kind.

σa = σf + σc σs = σes + σis σt = σa + σs (2.2)

The probability of interaction per unit of path is defined as

Σi(r⃗, E) = σi(E)Nj(r⃗)

and it conveys the exponential reduction of neutron concentration as function of
the free flight as shown in eq. (2.3):

N(x) = N(0)e−Σx. (2.3)

2.2 Transport and depletion
2.2.1 Particle transport
The particle transport describes the evolution of the particles concentration in a
certain position in the phase space (r⃗, E, Ω⃗), by considering all the mechanisms of
production, depletion and transport inside the domain [15]. The governing equation
for neutron flux is presented in eq. (2.4).

1
v

∂ϕ(r⃗, E, Ω⃗, t)
∂t

+ Ω⃗ ∇ϕ(r⃗, E, Ω⃗, t) + σt(E)Nj(r⃗, t) ϕ(r⃗, E, Ω⃗, t) =Ú
dΩ⃗′

Ú
dE ′ σs(E)Nj(r⃗, t) fs(r⃗, E ′ → E, Ω⃗ · Ω⃗′) ϕ(r⃗, E, Ω⃗, t) + Q(r⃗, E, Ω⃗, t);

(2.4)

The variable that appears in the equation is the neutron angular flux, defined
as:

ϕ(r⃗, E, Ω⃗, t) = v N(r⃗, E, Ω⃗, t).

Three independent variables define the phase space: r⃗ is the position, E is the
energy and Ω⃗ is the solid angle v⃗ = v Ω⃗ determining the direction of the motion.
The meaning of the microscopic and macroscopic has already been discussed and
Nj is the concentration of the background. fs is the scattering probability density
function and it represents the probability that a neutron of direction Ω⃗′ and energy
E ′ has to scatter in the direction interval dΩ⃗ about Ω⃗ with energy in dE about E.
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Q represents the source term, that can be of different nature; fixed source providing
particles from outside the system and fission processes producing neutrons if fissile
nuclides are present in the system. The number of neutrons produced by fission is
not constant and it is a function of the target nuclide and of the energy, ν(r⃗, E ′).
The energy of produced neutrons is determined by the probability function χ(r⃗, E)
and the process is isotropic so the probability density function for the angular
distribution is Ú

dΩ⃗ f(Ω⃗) = 1 → f(Ω⃗) = 1
4π

. (2.5)

Therefore, the fission term appearing in the transport equation can be written
as Ú

dΩ⃗′
Ú

dE ′ χ(r⃗, E)
4π

ν(r⃗, E ′) σf (E)Ni(r⃗, t) ϕ(r⃗, E, Ω⃗, t). (2.6)

In a critical system the leakages are fully compensated by neutrons produced
by fission and the reduced mathematical formulation is the following:

L̂ ϕ(r⃗, E, Ω⃗) = 1
k

F̂ ϕ(r⃗, E, Ω⃗). (2.7)

In the formulation of eq. (2.7) the term k, called multiplication factor [16] is
introduced; it is the eigenvalue of the equation and associated eigenvector is the
solution of the problem ϕ. This mathematical trick allows to make the system
critical just adjusting the number of neutrons produced by fission.
Sub-critical system have k < 1, the geometrical configuration does not allow
criticality and an external source fills the gap. This is the case of an ADS, like
MYRRHA, in which the surplus of neutrons if provided by the spallation source.

2.2.2 Depletion equations
Bateman equations [17] describe the evolution of nuclide concentrations in a system
undergoing irradiation and radioactive decay. They are a generalization of the
exponential decay law and they include every reaction to assess the gross production
and depletion of a certain nuclide. The general mathematical formulation, taking
into account different particle fluxes and spatial dependence is presented in eq.
(2.8).

∂Ni(r⃗, t)
∂t

=
Ø

j

(λj→i +
Ø
M

Ú
dEσM

j→i(E)ϕM(r⃗, E))Nj(r⃗, t)−

(λi +
Ø
M

Ú
dEσM

tot,i(E)ϕM(r⃗, E))Ni(r⃗, t) (2.8)

The following notation is used:
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• i, j are the indices of nuclides;

• λj→i is the decay constant in which j is the mother and i the daughter;

• λi is the decay constant of i;

• M stands for the particle fluxes involved;

• σM
j→i is the microscopic cross section for the reaction producing i when j

interact with the particle M ;

• σM
tot,i is the removal cross section of i when interacting with M ;

• ϕM(r⃗, E)) is the flux of particle M .

The closed set of first order integro-differential equations can be written in matrix
form and solved by numerical scheme, its solution is the evolution of the nuclide
vector in the system (N⃗(t)).

2.2.3 Coupling transport and depletion
The variables Nj(r⃗, t) in 2.4 and ϕ(r⃗, E, t) in (2.8) establish the coupling between
transport and depletion since the spectrum coming from transport simulation is
necessary to estimate the reaction rates appearing in the Bateman equations

< σj→iϕ >=
Ú

dEσj→i(E)ϕ(r⃗, E) (2.9)

and the updated nuclide vector must be fed to the transport model and it affects
the new flux.
The time coupling is therefore often solved by separation of spatial and temporal
components of the solution. This approach evaluates both the neutronic evolution
and the nuclides concentrations in the system.

2.2.4 Derived quantities
The nuclide vector is employed to estimate other quantities of major importance for
the analysis such as activity and decay heat. The activity is defined as the number
of decays per unit time so it is proportional to the atomic density, multiplied
for the decay constant λ. So the activity evolution of a certain nuclide mimics
the concentration evolution. The same applies for the decay heat rate, the other
quantity relevant in this work. It consists of the energy released in the decay Qi
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multiplied by the decay rate of a nuclide (that is the activity).
Mathematical expressions of the two quantities are shown in Eqs. (2.10).

A(t) =
Ø

i

λi Ni(t)

DH(t) =
Ø

i

Qi λi Ni(t)
(2.10)

2.3 Uncertainty quantification
Uncertainty quantification [18] is the science that aims to characterize an experiment
or computational model estimating the associated uncertainties. Its purpose is to
determine the likelihood of a certain output if some of the aspect of the system
are not exactly known. The methodology is widely spread in the nuclear field in
general and in neutronic calculations in particular to provide confidence intervals
of the relevant quantities evaluated. Uncertainty quantification is needed as it
complements the information given by the best estimate coupling it with a reliability
analysis; moreover it is relevant from a more technological point of view to verify and
properly establish the many safety margins foreseen for the nuclear installations. In
a neutronic simulation the uncertainty associated to the output is a combination of
different sources that must be investigated separately to assess the global variability
of the parameter of interest.

2.3.1 Sources of uncertainty
The sources of uncertainty to take into account in the case study, transport and
depletion calculation in MYRRHA, are the possible variabilities of the model with
respect to the real reactor design and operation.
The first source of uncertainty is related to the input parameters, since the model
is fed by the best-available information on the design but there is still a certain
flexibility. For example the compositions of MOX fuel and LBE coolant are not
defined accurately yet and the deviation from reference compositions have to be
taken into account. Besides, slight variation in operational history can influence
the power and the burnup bringing deviations to the nuclide vector of the fuel for
example.
Neutronic and depletion calculations strongly rely on nuclear data evaluated
through experiments and mathematical models. Specific data for each nuclide are
provided as best-estimate evaluation and associated uncertainties in the form of
covariance matrices. The impact of nuclear data on criticality parameters and SNF
concentrations is well assessed and several methodologies are adopted in the field
[19], [20].
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2.3.2 Uncertainty propagation and statistical sampling
In this section the methodologies to perform uncertainty propagation are described
[21] with particular focus to nuclear data uncertainties and statistical sampling
procedure. The first method, based on perturbation theory, makes use of the
covariance matrices of nuclear data and sensitivity profiles. Sensitivity profile is
defined as the relative change in a response parameter caused by a small variation
in a cross section data at a certain energy as shown in 2.11:

SR = δR/R

δσg/σg

(2.11)

The sensitivity profiles obtained are combined with nuclear data covariance matrix
Σ to propagate nuclear data uncertainties using the so-called first-order uncertainty
propagation formula (or sandwich rule) [22], as shown in eq. 2.12.

V arR = SR Σ ST
R (2.12)

The upscaling of computational power in the last few years gave the possibility
to investigate new methods to propagate uncertainty. One of the most prominent
is based on stochastic sampling of nuclear data [23]. Perturbed nuclear data files
are generated to be fed in the model. The uncertainty of the output response under
investigation is determined as the standard deviation of the output population
using the standard definitions reminded in eq. (2.13).

µ =
qN

i (xi − x̄)
N

V ar = 1
N − 1

NØ
i

(xi − x̄)2
(2.13)

The main advantages of statistical sampling procedure are the independence from
the model and the possibility to investigate higher order effects thanks to the
inherent characteristics of the method. The limit is found in the computational
cost since a large sample is required to get statistically significant results.
Samples of nuclear data are generated from a multivariate normal distribution
N (µ, Σ). The procedure to obtain n samples consists of applying Σ to a matrix X
mxn of identically and independent variables distributed according N(0,1). The
perturbation coefficients are produced according to eq. (2.14):

P = LX + 1 (2.14)

where
Σ = LLT .
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The matrix L that fulfills the relation is obtained decomposing the covariance
matrix. The use of this specific factorization is possible thanks to the properties
of the covariance matrix itself, being symmetric and positive semi-definite. P, the
matrix of perturbation coefficients is applied to nuclear data such as cross sections,
neutron fission product yields, angular and energy distributions to estimate the
uncertainty coming from these parameters. In this analysis the contribution of
neutron cross sections and fission yields is assessed.
The procedure is validated for a set of 200 sample (the number used for the analysis),
assessing the convergence of the perturbation coefficients standard deviation to
the standard deviation given in input. In addition the output distribution of the

Figure 2.1: Convergence analysis on the perturbation coefficients of 239Pu fission
cross section and 245Cm neutron capture cross section @Energy = 0.1 MeV in top
and bottom figure respectively. The perturbation coefficients sample distribution
is shown on the right part of the plot for both cross section data.

perturbation coefficients is is shown, to qualitatively assess the correspondence
to the selected sampling distribution. They are presented in Fig. 2.1. The
perturbation coefficients chosen come from the fission cross section of 239Pu in the
energy range around 0.1 MeV, that is the most relevant for this application. The
fission XS has low uncertainty in this range and it is fast to converge. Then the
perturbation coefficients of 245Cm capture XS are shown. The reaction is relevant
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since it produces 246Cm that is the nuclide with largest uncertainty among those
analysed in this work, as presented in Sect. 8.1.1. The convergence of this cross
section is much slower compared to the previous one, as shown in the bottom plot
of Fig. 2.1.

2.4 Codes and data employed

In the following, the main tools and codes used to obtain the reported results are
presented. The list shows the different topics addressed during the project.

2.4.1 Monte Carlo codes for particle transport

Monte Carlo codes are used to mimic the transport of particles inside a system
by means of stochastic simulation of the phenomena involved [24]. Their motion
inside the system is traced and it allows to determine the average behavior of the
particles simulated retrieving their energy and spatial distribution. Monte Carlo
simulations provide the result of the general transport equation without directly
solving it as opposed to deterministic codes based on the discretization in space,
energy and angle, the three phase space parameters.
The main advantages of MC methods are possibility to handle complex geometries,
materials and nuclear data, providing very accurate results with the statistical
uncertainty associated. The drawback is that the convergence is slow since it
is proportional to

√
N for all statistical method with N equal to the number of

histories simulated.
Several Monte Carlo particle transport codes are available and provide different
features. The following discussion is limited to the codes employed in this work.

MCNP6

Monte-Carlo N-Particle (MCNP) [25] is one the most prominent codes available.
It is commonly adopter for nuclear reactor modeling and it has been extensively
validated and constantly maintained during its 40 years history.
The main requirement to fulfill for MYRRHA core modeling is the transport of
protons, together with neutrons to mimic the proton source and the neutrons
consequently generated from it by means of spallation reactions. MCNP fully
complies to this requirement. However, MCNP is not able to perform materials
depletion by itself and it has to be coupled by a depletion solver. This task is
accomplished by ALEPH2 [26], that will be fully discussed in Sect. 2.4.2.
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Serpent-2

Serpent [27] is a multi-purpose continuous-energy neutron and photon transport
code, developed since 2004. It is widely used for particle transport applications
in particular reactor modeling. Serpent has built-in burnup calculation capability,
performing depletion of burnable materials in the simulations. Depletion zone
division can be implemented to discretize the fluxes into the same material to
estimate spatial dependent depletion; this feature is used in the thesis to investigate
the influence of axial burnup.
With respect to ALEPH2, Serpent is much faster but it needs larger hardware
requirements since nuclear data are stored in the RAM. The calculation speedup
makes is very promising to perform calculations involving uncertainty propagation.
The main limit of Serpent, related to this case study is that it is not able to
transport protons; this implies only the MYRRHA critical model can be simulated
in Serpent.

2.4.2 ALEPH2
The general-purpose burn-up code ALEPH2 wraps around MCNP/X Monte-Carlo
radiation transport code and an advanced depletion code to solve the Bateman
system of ordinary differential equations. It was developed in SCK CEN and
recently upgraded to ALEPH v2.8. With respect to ALEPH1 some modification
were introduced coming from user feedbacks and new necessities. The main
upgrades involve the depletion code in use since ORIGEN-2.2 [28] was replaced by
the advance depletion solver based on RADAU5 implicit Runge-Kutta algorithm.
Besides, new features were implemented such as the predictor corrector, heating
calculation during irradiation and decay and the calculation of neutron sources
during the decay.
The working principle of burn-up codes in general "and ALEPH2 in particular" is
to take particles spectra and fluxes from the Monte Carlo simulation to generate
the reaction rates to feed the depletion solver. Then, the output of the depletion
calculation updates the input of the transport simulation for a new run. Briefly,
burn-up codes take care of the coupling between transport and depletion, discussed
from the theoretical point of view in the previous section.
The main advantages of ALEPH2 among other codes is the full nuclear data
consistency, since the same energy grid is used both in transport and subsequent
depletion calculation. Moreover, as already mentioned the code wraps around
MCNP and the complexity of utilization is limited to the addition of a number of
extra cards to the Monte Carlo transport simulation input. ALEPH2 generates
the MCNP input and when the transport simulation is completed it automatically
extracts the fluxes in the materials/cells we are interested to burn. After depletion
procedure is performed, the materials compositions are updated accordingly. The
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possibility to change materials is also implemented to allow considering system
configuration variation, like the fuel assembly shuffling in a core simulations or the
variation of boron concentration in PWRs coolant.
The main advantages of ALEPH2 for our specific case, being MYRRHA an ADS is
that the code takes into account protons matter interactions. Moreover it gives the
possibility to perform stand alone calculations, reading particle fluxes from external
files and carrying out depletion calculations without the necessity of calling upon
MCNP. This specific procedure is implemented for the LBE source term calculation
as described in the following and it allows to speedup the calculation assuming the
fluxes do not change from one irradiation cycle to the other.

2.4.3 SANDY
SANDY [23] is a tool created to manage nuclear data file in ENDF-6 format. The
code is able to read ENDF-6 file [29] and to perform operations with them. It
interfaces with NJOY [30], creating input files and reading the outputs to provide
processed nuclear data, for example multigroup cross sections and covariance
matrices. The main objective of SANDY is to perturb nuclear data starting from
the processed data and generate perturbed files readable by Monte Carlo codes to
carry out uncertainty propagation by statistical sampling.
The format used by some MC codes is called ACE and the processing, also in
this case case, is performed through a NJOY module. Perturbation of nuclear
data is possible for cross sections, neutron fission product yields and ν̄, but it has
being implemented for other class of nuclear data contained in ENDF-6 files. The
procedure to obtain perturbed data was breafly described in Sect. 2.3.2, starting
from normally distributed random samples, to which the covariance matrix is
applied to obtain relative perturbation coefficients.
The choice of the multivariate normal distribution is driven by the Central Limit
Theorem [31], it establishes that the mean values of samples taken form a certain
population converge to the normal one if a sufficient sample size is achieved. This
implies whatever input distribution the output of the model will be normally
distributed if the number of sample is large enough. So it seems the easiest choice
to take normally distributed inputs. The other available option given by the code
is the lognormal distribution that can be used to assess the bias given by the input
distribution but it is out of the scope of this thesis.
The production of the samples to carry out uncertainty propagation of the models
developed gave the opportunity to understand and to test different features of the
sampling procedure implemented in SANDY; the contribution to some updates in
the code, to fix bugs encountered during the procedure was part of the thesis work,
that has been carried out under the supervision of the main developer of the code
Luca Fiorito.
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2.4.4 NJOY
NJOY is a comprehensive computer code developed to process nuclear data. It
prduces pointwise and multigroup nuclear cross section and related quantities
from evaluated nuclear data files in ENDF-6 format. It comprises many modules
and each of them performs a certain task. As already mentioned SANDY code
generates NJOY inputs requested and it reads and converts the outputs in a user
friendly format on a python interface. NJOY2016 includes a module called ACER
to translate ENDF-6 in ACE format, the one requested by MCNP and Serpent
MC codes.

2.4.5 Nuclear data libraries
Nuclear data are the main input data to feed to a neutronic simulation and it
means their availability and accuracy is on main importance to obtain meaningful
results. Nuclear data include energy dependant reaction cross sections, the energy
and angular distributions of fission neutrons, fission product yields and the atomic
and nuclear properties of excited states as well as their radioactive decay data.
Nuclear data are stored in libraries and different source are available coming from
different evaluators. For this work some libraries are compared to assess the
discrepancies and choose the best one tailored on this specific application, the one
more complete in term of the nuclides we are interested in.
The three libraries used in this work are JEFF [32], the joint evaluated fission and
fusion nuclear data library, ENDF [33], the U.S.’s Evaluated Nuclear Data File
and JENDL [34], the Japanese evaluated nuclear data library. Among the several
versions available, those chosen for performing the simulations are :

• JEFF-3.1.2 [35]

• JEFF-3.3

• ENDFB-VIII.0

• JENDL-4.0u

The older release of JEFF is used in the reference neutronic model calculation and
the LBE depletion simulations. The comparison with the other libraries listed
above is performed to assess the discrepancies in term of nuclide concentrations
and to select the evaluated data giving more conservative results. The largest
prediction among the libraries is chosen to be conservative since is not possible to
affirm a priori which library works better in a certain system and the reason for
certain divergences in the outputs.
For fuel assembly simulations the results presented in the following are obtained
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using the newer release of JEFF, JEFF-3.3. Deviations in the nuclides concentra-
tions coming from nuclear data variation are shown and uncertainty propagation
of neutronic cross section investigates the discrepancy due to the uncertainty of
nuclear data themselves. The main focus is on the largest uncertainty for each
nuclide giving the upper limit concentration for the nuclide examined. Neutron
fission product yield uncertainty analysis is only performed with data coming from
JEFF-3.3.

High energy incident neutron data

Most of neutron libraries commonly have cross section data up to an energy of
20 MeV, that is the upper limit for neutrons coming from fission. However, in
ADS applications the energies spans to much higher energies and cross sections
for high energy reactions must be taken into account. For this purpose a tool
from ALEPH2 provides custom libraries comprising cross sections data up to 20
MeV to which other libraries are appended. In case of JEFF-3.1.2 library in the
reference calculation the high energy data are provided by two additional sources,
in particular TENDL-2013 [36] to cover energy range 20-200 MeV and HEAD-2009
[37] high-energy activation library to add data above 200 MeV.

High energy incident proton data

The proton reference library used for sub-critical configuration is produced in
ALEPH2, merging nuclear data coming from several evaluators to provide the most
complete information possible. JENDL and JEFF data are combined to TENDL
to provide comprehensive data up to 200 MeV. HEAD-2009 is used to cover the
higher energy range of the spectrum.
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Chapter 3

MYRRHA reference model

3.1 MYRRHA reference model description
The model of MYRRHA design revision 1.8, presented in [38], represents a detailed
3D neutronic model reproducing the latest design of the reactor. In this work it is
used as a reference to study the source term in the LBE and the MOX fuel present
in the reactor.

Core layout
The core is modeled both in critical and sub-critical configuration. The cross
sectional view is shown in Fig. 3.1. The names of the assemblies follows the

Figure 3.1: Schematic cross sectional view of the core in sub-critical (left) and
critical configuration (right).
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scheme:

• 101-608: fuel assemblies grouped in batches;

• LBE: dummy assemblies filled with coolant present in sub-critical condition
to fill the empty core spaces;

• CR: control rod bundle;

• SR: safety rod bundle;

• IPS/ThIPS: in-pile section where to perform the irradiation experiments of
the samples, Th stands for thermal, a softer spectrum is achieved. Used for
the production of radioisotopes;

• MgO: external ring of reflector assemblies to reduce the neutron leakage from
the radial boundaries.

The plots show the layout of the core at Beginning of Cycle (BoC), i.e. when
the equilibrium condition is achieved. The concept of equilibrium is discussed
thoroughly in the dedicated section, Sect. 3.2. This is the layout always taken into
account for the calculation, when the dynamic steady state is achieved. The same
core layout is present at the end of the irradiation cycle, that is called EoI, even if
the neutronic conditions vary during the cycle because of fuel depletion.
The core configuration at startup is called Beginning of Life (BoL) and it comprises
more LBE dummy assemblies in both configurations. During operation, from cycle
to cycle, the empty spaces are filled with fuel assemblies. At BoL all fuel loaded in
the core are fresh so less assemblies give the necessary neutronic multiplication.

FA reshuffling procedure
Fuel assemblies are reshuffled in the core following a IN-to-OUT procedure in which
two batches of three assemblies are loaded and unloaded every cycle. The core
presents 1/3 azimuthal symmetry so each assembly of the batch undergoes the
same irradiation history. The assemblies are unloaded after a variable number of
cycles depending on the batch and the mode; the discharge burnup is around 50
MWd/kg for the fuel assemblies in normal operation. In normal operations the
fuel assembly unloading happens in the core periphery, after the FA is reshuffled in
all the available core positions. Early unloading is envisaged in case of off-normal
situations.

Operational history
MYRRHA operational period comprises irradiation cycles of 90 days followed by
a maintenance period of 30 or 90 days in case of short or long maintenance as
depicted in Fig. 3.2. To assess the source term in the fuel the irradiation of a
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Table 3.1: Core configuration summary

BoL BoC BoL BoC
Fuel assemblies 54 78 69 105
Dummy assemblies 54 30 36 -
Reflector assemblies 42 42 42 42
Control rods 3 3 6 6
Safety rods - - 3 3
Fast IPSs 6 6 1 1
Thermal IPSs 3 3 6 6
Spallation Target 1 1 - -
Total 163 163 163 163

Figure 3.2: Example of irradiation history in MYRRHA, showing one period
made of three irradiation and maintenance cycles.

FA being reshuffled in the core was considered, while the irradiation of LBE lasts
the whole operational period of the reactor, that is assumed to be 40 years since
no coolant replacement is scheduled during the reactor life. The end of the last
irradiation cycle before permanent shut-down of the reactor is called End of Life
(EoL). The acronyms BoL, BoC, EoI, EoL will be used in the following to define
the moment in the operational history.
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3.2 Equilibrium cycle definition
The equilibrium condition provides the steady state pattern of fuel assemblies in
the core, that stays constant from cycle to cycle performing in-core fuel assemblies
reshuffling, loading of fresh FAs in the center and unloading of burnt assemblies
from the periphery [39]. The particle flux distributions and spectra vary during
the equilibrium cycle as well as the the keff because of burnup increase associated
to fuel depletion, but they come back to the initial condition at the beginning
of following cycle since the same fuel assembly pattern is restored. Two separate
states are considered for the equilibrium: BoC and End of Cycle (EoC); they are
identical in each irradiation cycle.

3.2.1 Initial conditions
The equilibrium condition can be achieved for any core configuration and it is fixed
by input and design parameters:

• Configuration at BoL: position of IPS, safety and control rods SR, CR;

• Normalization factor - Core power;

• Number of fuel assemblies in the reactor core;

• (Un)Loading and shuffling scheme: number of assemblies loaded and discharged
from the core in each cycle and the pattern they follow along the core (IN-to-
OUT reshuffling);

The parameters are defined according to design constraints, to achieve criticality
in critical mode and to optimize the fuel utilization. The core layout and the
reshuffling procedure were already discussed in the previous section, as regard the
core power in critical mode it is 63 MW thermal power, while it is 55 MW for the
sub-critical configuration.

3.2.2 Equilibrium core modeling
The core fuel assemblies pattern that characterizes equilibrium is attained per-
forming a number of consecutive burnup cycles. Fresh fuel assemblies are present
throughout the core at the beginning of the first cycle, then the specified fuel
reshuffling, loading and unloading procedure is carried out for a certain number of
cycles. A steady state condition is reached when the fuel assemblies pattern does
not change anymore from cycle to cycle the FAs with a certain burnup level have
always the same location in the core.
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3.2.3 Convergence analysis
The achievement of the equilibrium cycle is practically assessed tracking the
evolution of the relevant neutronic parameters during successive irradiation cycles
to verify their convergence to an equilibrium value. The study is carried out for the
multiplication factor, the most important parameter for a critical reactor. Fig. 3.3

Figure 3.3: Convergence analysis of keff in the critical core model.

shows keff value stabilizes after 36 irradiation cycles and this core configuration is
taken as the reference for the condition at BoC.

The outputs of equilibrium cycle provide valuable pieces of information employed
both as input and output of the simplified depletion models, developed to avoid
to perform the depletion calculations directly on a full core model that would
require larger computational cost. The behaviour at BoC, the fluxes profiles and
particle spectra are fed to the LBE irradiation model as described in the following
chapter. The FAs nuclide concentration at EoC is investigated and the power
profiles are employed as input of FA models aiming at determining fuel source
term and associated uncertainty.
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Chapter 4

LBE depletion model

This chapter gives details of the methodology and the assumptions made to develop a
depletion model suitable to estimate the concentration evolution of the radionuclides
produced in the LBE. The studies in this work are based on the source term data
and analyses for the MYRRHA design revisions 1.4 and 1.6. In addition, the impact
of the modeling assumptions is investigated.

4.1 Modeling assumption
The LBE depletion is calculated for the MYRRHA sub-critical configuration assum-
ing a equilibrium core. What emerges from previous source term studies [6], [7] is
that the sub-critical mode of operation generates the largest LBE activity. Besides,
most of the radioactive nuclides responsible for the LBE activity are produced
directly/indirectly by proton-induced spallation reactions, i.e., a mechanism not
present in a critical reactor.

LBE static simulation
The LBE is considered stagnant, that is, the coolant forced circulation in the
reactor and the mixing phenomena are not modelled. Recycling effects not taken
into account can have an impact on the production/depletion of certain nuclides.

No replacement of filtering of the LBE during the reactor lifetime
All radionuclides produced from LBE activation during reactor operation are
retained in the LBE for the entire lifetime of the reactor, i.e., 40 years. This
assumption neglects the migration of volatile activation products to the cover gas
[40] (as postulated in one of the DBAs), and results in a conservative estimation
of the source term where the concentration of volatile radionuclides in LBE is
overestimated.
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Transport/depletion decoupling
Proton and neutron fluxes and spectra are calculated only once at BoC, and then
they are adopted for the LBE depletion throughout the entire reactor lifetime. This
assumptions follows the definition of equilibrium cycle discussed in Sect. 3.2. Also,
the in-cycle spectral variations are neglected. The neutron and proton spectra
calculated in the STA are displayed in Fig. 4.1.

Figure 4.1: Neutron (left) and proton (right) energy-dependent flux in the
spallation target at BoC. The neutron flux in the whole spallation target assembly
is depicted in blue.

LBE discrete regions depending on irradiation conditions
The depletion of the LBE coolant was simulated independently for three volumetric
regions of the reactor characterized by different irradiation conditions, e.g., particle
fluxes and spectra:

• Spallation target assembly (STA);

• Reactor core (without the STA);

• Reactor pool.

For each region, volume-average particle fluxes were used for the LBE depletion
calculation. This approach is in line with the previous analysis carried out for
the LBE source term assessment of the MYRRHA Design Revision 1.4. For the
MYRRHA Design Revision 1.6 only one volumetric region was adopted, for which
volume-average particle fluxes were used. The region included the STA, the reactor
core and the reactor pool. In this work the two approaches are compared for the
LBE source term of the MYRRHA Design Revision 1.8.
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The spallation target assembly is characterized by a 600 MeV-proton beam
impinging on the LBE spallation target and inducing spallation reactions that
yield high energy neutrons into the system. The LBE source term in this region is
dominated by spallation products and high energy neutron activation products.

Because of the proton short stopping range in LBE and because of the direction
of the proton beam, only a negligible proton flux is available in the reactor core.
Compared to the spallation target assembly the neutron spectrum in the reactor
core is softer as it mostly generates from neutron-induced fission in the driver MOX
fuel. Still, a high-energy tail of spallation neutrons is still present. In the reactor
core region most of the source terms radionuclides produced in LBE are produced
via neutron activation.

In the reactor pool the neutron fluxes and spectra, respectively, have a lower
intensity and are softer (because of the multiple neutron-scattering reactions in
LBE) with respect to those in the core. The main production mechanism for the
source terms radionuclides in LBE is neutron activation.

4.2 Spallation target assembly sub-division
The most critical region in term of LBE activation is the Spallation Target Assembly
(STA) [41] since most of the spallation products are produced there. In the STA
the production rate of neutron activation products is also maximized because of
the very high neutron fluxes. For this reason the rest of the LBE source term
assessment concentrates on the analysis for this region, giving conservative results
in term of activity and decay heat produced in the LBE. The LBE source term
study for the STA starts from a deeper analysis of the proton and neutron fluxes
in the considered region.

Fig. 4.2 depicts a 2D map (XZ-view on the left, XY-view on the right) of the
proton fluxes in the STA. Protons are relevant for the LBE activation only within
their stopping range, i.e., in the region right below the beam window. The plot
also shows that proton flux radial spread is limited to the STA wrapper. The left
plot in Fig. 4.2 shows a strong proton flux axial gradient (with a significant axial
zone without protons). This is an indication that using assembly-averaged proton
fluxes in depletion analysis might not produce correct source term estimates. A
refinement of the depletion model with a sub-division of the STA into three axial
regions is proposed as a correction.
The axial distribution of the proton flux is presented in the form of cumulative

distribution in Fig. 4.3. It suggests to divide the assembly into three regions:
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Figure 4.2: Proton flux distribution in the spallation target assembly. xz view on
the left, xy cross section 5 cm below the beam window on the right.

Figure 4.3: Cumulative proton flux integrated in axial direction.

• the (axially)-central region consisting in the actual spallation target as it
covers the entire proton stopping range in LBE. The LBE source term in
this region is generated by nuclide interactions with protons and high energy
neutrons;

• the upper region where the neutron fluxes are still high but the presence of
the protons is negligible;

• the lower region, with neutron and proton flux characteristics similar to the
upper region, but including a lower LBE volume.

The neutron and proton fluxes in the STA were already reported in Fig. 4.1,
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above.

In this work, the main objective for the analysis of the LBE source term in the
spallation target assembly is to assess the deviations arising from a zone division
approach, as well as to evaluate the actual inventory of safety relevant nuclides
during irradiation and after shutdown.

LBE depletion simulations are carried out for each of the three STA axial regions
previously identified. The spectral shape and the intensity of the neutron and
proton fluxes were calculated for the entire STA volume and for the central axial
region. The latter were used for the LBE depletion of the STA central region. The
neutron flux (not the proton flux, which was assumed negligible) calculated in
the entire STA volume was used for the depletion of the STA lower and upper
regions, after correctly re-scaling the flux intensity to account for the different LBE
volumes.

The volume-weighted sum of the nuclide inventories calculated in the three
regions was compared to the nuclide inventory predicted for the entire STA using
a single depletion calculations with volume-average fluxes. The latter will be
later referred to as the homogeneous approach. The discrepancy between the two
approaches is assessed and the outcome for the relevant nuclides, discussed in
Sect. 1.2.1, is presented in Fig. 4.4. The impact of a zone division approach

Figure 4.4: Variation in nuclide activity in STA due to the modeling assumptions.
Impact of zone division is exploited.

at the STA level is not negligible. All the spallation products and 208Po, 209Po
are underestimated by the homogeneous approach because of their non-linear
dependence on the proton flux intensity. 210Po is mainly produced by neutron
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interactions ( (n,γ) in 210Bi) and it is slightly overestimated by the homogeneous
approach. This information is valuable since 210Po is the most safety concerning
nuclides and one of the main "showstopper" for the design of MYRRHA and
analogous facilities because of its radiotoxicity.

The production of spallation products in the spallation target assembly is under-
estimated by a homogeneous depletion of the entire LBE volume in the STA. On
the contrary 210Po is overestimated by this approach.

4.3 ALEPH2 update verification
ALEPH2 has been updated from version 2.5, which was used for calculations of the
LBE source term for the MYRRHA design revision 1.6, to the latest version 2.8.
The verification of the latest ALEPH2 release for the LBE source term calculations
was carried out as a part of this work and it consists of comparing the old outputs
with a simulation using the new ALEPH2 version. Neutron and proton spectra
were both taken from neutronic simulations of the the MYRRHA sub-critical core
for the Design Revision 1.6, to not introduce a bias due to the reactor core updates.
The major contributors to the activity are compared and their deviations are shown

Figure 4.5: Comparison between two ALEPH2 versions of the major contributors
activity after 1 irradiation cycle and after 40 years of operation.

in Fig. 4.5. The variations are lower than 1% for the nuclides taken into account
so we can conclude that the updates in the code do not affect the results for this
specific case study.
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The ALEPH2 code update from version 2.5 to version 2.8 affects the LBE nuclide
inventory predictions by less than 1%.
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Chapter 5

LBE source term -
Spallation target assembly

This chapter summarizes the results of the LBE depletion simulations in the spal-
lation target assembly. The outcomes of the homogeneous approach are presented
and compared with the evaluations obtained with the zone-division approach.

5.1 LBE inventory in the STA

The elemental composition of the irradiated LBE is reported in Tab. 5.1. It is
normalized on the mass of LBE present in the STA before irradiation. The results
refers to the EoL concentrations after 40 years of irradiation in the reactor. The
elemental composition is globally influenced by the initial impurities present in the
LBE and locally from the fluxes in each region.
The table clearly shows that most of the activation and spallation products are
generated in the central region. The elemental content in the whole spallation
target assembly calculated with the homogeneous approach differs from the the
volume-weighted sum of the concentrations in each region, as reported in Fig. 5.1.
This confirms that discrepancies arise if the depletion is performed averaging the
condition in the STA instead of considering separate regions. The same conclusion
was drawn from Fig. 4.4, shown in the previous chapter.

31



LBE source term - Spallation target assembly

Table 5.1: LBE spallation and activation products concentrations in the STA at
the end of life (EoL) after 40 of operation.

Initial
concentration

(mg/kg)

Bottom
region

(mg/kg)

Central
region

(mg/kg)

Top
region

(mg/kg)

Whole LBE
in STA
(mg/kg)

Element
H 0.00 13.53 2859.43 23.58 347.42
He 0.00 21.80 1179.17 36.83 172.82
Kr 0.00 0.97 1072.97 1.68 124.40
Sr 0.20 1.17 1056.43 1.87 125.70
Zr 0.23 1.25 1357.23 1.97 176.92
Mo 0.12 1.15 1554.85 1.90 201.03
Ru 0.03 1.05 1468.16 1.80 190.40
Pd 0.34 1.42 1492.65 2.17 188.14
Cd 0.23 11.46 1133.41 15.39 172.63
Sn 1.33 2.18 876.59 2.83 117.72
Er 0.02 0.14 778.04 0.22 37.45
Yb 0.00 1.15 2444.79 2.01 182.68
Lu 0.18 0.78 826.41 1.12 72.68
Hf 0.00 5.55 5995.54 9.48 591.98
Ta 0.00 2.79 1883.80 4.16 182.05
W 0.00 10.99 6919.96 19.48 810.23
Re 0.00 3.75 1206.73 4.74 118.66
Os 0.05 68.32 19658.87 118.84 2499.83
Ir 0.00 21.23 2979.66 25.40 333.20
Pt 0.14 185.25 33060.42 331.37 4381.94
Au 0.53 61.61 5702.84 83.39 615.91
Hg 1.73 983.64 58458.96 1700.19 9411.62
Tl 0.00 616.04 17942.85 1056.28 3078.49
Pb 444908.35 446378.18 384549.00 447401.66 439867.17
Bi 554910.38 551217.54 408631.32 548610.20 531518.27
Po 0.00 14.12 699.31 24.03 121.34

The deviations range from 5% for polonium up to over 100% for Er and Yb.
They come from the different spatial discretization of the fluxes and they witness
how the actual spectra are relevant to determine the production of certain nuclide
species.
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Figure 5.1: Variation of elemental concentrations taking into account or not the
separate regions in the STA. The deviations are evaluated at EoI, only the elements
with content higher than 10 mg/kg are shown.

5.2 LBE activity in the STA
The LBE activity evolution throughout the reactor lifetime and beyond is presented
in Fig. 5.2. The focus is given to the volatile radionuclides , since the activity
associated to them is directly proportional to the dose in case of release. For this
reason it is particularly important to draw the evolution of the target nuclides both
during operation and after the reactor shutdown.
The extensive list of the analyzed nuclides is available in Sect. 1.2. The plot shows

Figure 5.2: Time evolution of the activity of volatile products present in the
spallation target assembly during reactor operation and after shutdown.

the outputs of the homogeneous approach. The activity in the LBE is dominated
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by 3H, a volatile nuclide largely generated by spallation reactions. 3H builds up
during operation because of its relatively long half life of about 12 years. During
operation the main contributors to the activity are 195Hg, 197Hg and 210Po, each of
them providing an activity of around 1e15 Bq. Their concentration (and activity) is
approximately constant during operation. The mercurium isotopes are short lived
so they completely decay during the maintenance periods and the same amount is
produced in each irradiation cycle.
As regard 210Po, it has a half life of about 140 days that is comparable to a reactor
irradiation cycle, therefore the build-up during the cycle is the net balance between
production and depletion, being its decay not negligible. The oscillations in its
activity are due to the reactor long maintenance periods (90 days), where the
concentration decreases more. The other relevant nuclides have an associated
activity that is at least one order of magnitude lower than what the previously
mentioned nuclides.

5.3 Decay Heat associated to LBE in the STA
The total decay heat is conveyed through α, β and γ radiation. The specific
contribution (per unit mass) of each radiation to the decay heat after shut-down is
displayed in the top plot of Fig. 5.3. The fractional contribution of the nuclides
producing more than 5% of the decay heat is presented in the bottom part of the
figure.

The plots show the results of the homogenized approach. With respect to the
decay heat produced by the zone-division approach a decay heat underestimation
up to 15% is observed in the time scale analysed as shown in Fig. 5.4. The
discrepancy reduces from around 12% down to slightly below 0 from the short to
the intermediate decay time, when most of the decay heat is provided by 210Po,
which is under-produced with the sub-division approach. The deviation increases
again in the longer decay time, when most of the decay heat is associated to 207Bi.
It has a longer half-life of about 30 years and is present in large amount from the
activation of natural bismuth through (n,2n) and (n,3n) reactions in 208Bi and
209Bi, respectively. Investigating the production mechanism and the uncertainty of
210Po is fundamental for safety calculation since it contributes up to 60% of the
total decay heat in the LBE.

5.4 Production mechanisms of relevant nuclides
in the STA

The investigation of the production mechanisms of relevant nuclides is carried out
in this section. The analysis of the reaction rates explains which are the main
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Figure 5.3: Time evolution of the decay heat after shut-down. Contribution of
each particle on top and nuclides fractions in the bottom figure.

reaction chains for the production and disappearance of the nuclides of interest.
The reaction rate multiplied by the concentration parent nuclide concentration at
every instant constitutes the amount produced by that channel, mathematically
expressed by eq. (5.1).

NP →D(t) =< σϕ >P →D

Ú t

t0
NP (t′) dt′. (5.1)

In the equation above NP →D(t) is the amount of the nuclide D (daughter) pro-
duced by a certain nuclide P (parent), < σϕ >P →D is the corresponding reaction
rate (assumed time-independent) and NP is the time-dependent concentration of
P . The concentration of the nuclide D at a certain time t is given by the sum of
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Figure 5.4: Time evolution of the decay heat with/without STA sub-division. The
dashed line shows the deviation from the homogeneous case and the corresponding
y-scale is on the right.

all contributions from its parent nuclides, to which a disappearance term must be
subtracted because of the radioactive decay or the nuclear reactions of D.

Production of 210Po
210Po poses the greatest concern both in terms of LBE activity and decay heat. Its
production in the spallation target assembly is mainly driven by the radioactive
β-decay of 210Bi ( t1/2 = 5 days). The latter is produced by neutron capture in
209Bi. The second production path is the neutron capture in 209Po and it accounts
for the 5% of the total production. This implies that the concentration of 210Po
is mainly affected by neutron flux and by the capture cross section of 209Bi. The
capture cross section increases in the resonance region below 1 MeV and conse-
quently the production is enhanced if the spectrum is softer. This explains the

Table 5.2: Reaction rates of 209Bi (n, γ) reaction in the spallation target assembly.

Reaction rate (s−1)
Homogeneous STA 4.13e-12

209Bi
n,γ−−→ 210Bi Bottom 1.21e-12

Center (ST) 1.53e-12
Top 7.35e-13

overestimation of 210Po in the homogeneous approach where the reaction rate is
higher because of an overestimation of the epithermal neutron flux.
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The reaction rates of 210Bi production in the regions are reported in Tab. 5.2.
The difference in the reaction rate in the homogeneous approach with respect to
the sum in the three regions confirms what seen in the plot 5.2, i.e., conserva-
tive results are obtained with the homogeneous approach for the production of 210Po.

Production of other polonium isotopes
Compared to the 210Po behaviour the other polonium isotopes show an opposite
trend, since they are mainly generated by proton reactions. The relevance of the
proton flux is emphasized when treating the spallation region as a separate zone.
More than 99% of 208Po and 209Po come from 209Bi that undergoes respectively
(p, n) and (p, γ) reactions.

Production of tritium
3H, that provides largest activity in the STA during operation and after shut down
is produced by spallation reactions in lead and bismuth. It decays in 3He that in
turns undergoes (n, p) reactions during reactor operation and it produces other
tritium. When 3H starts to build-up its main production path is self-production by
the daughter 3He.

Production of 16N
16N is almost completely produced by (n, α) reactions in 19F, that is a stable nuclide
found as impurity in the fresh LBE. The reaction has a threshold at around 1 MeV
so the production would be negligible in case of softer spectrum.

Production of mercury isotopes
Mercury isotopes present in the activated LBE are of major concern in case of release
in the environment. They are mainly produced via spallation reactions. They are
produced by direct spallation reactions in lead and bismuth, β+-decay of thallium
isotopes and spallation reactions in other nuclides produced during irradiation.
Other production mechanisms are neutron- and proton-induced reactions such as:

• 194Hg produced by (n,3n) reaction in 196Hg,

• 195Hg produced by (n,2n) reaction in 196Hg,

• 197Hg produced by (n, γ) reaction in 196Hg and (n,2n) reaction in 198Hg,

• 203Hg by (n, γ) reaction in 202Hg.

Production of 207Bi
207Bi is important for the LBE decay heat in the long term from 500 d to 70 years
of decay. It is mainly produced by neutron-induced reactions and it is depleted by
neutron capture and β+-decay in the stable 207Pb. The major production paths
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are (n,2n) reaction in 208Bi and (n,3n) reaction in 209Bi. The second mechanism
is more relevant at the beginning of irradiation because of the bismuth natural
isotopic composition (100% 209Bi) but when 208Bi builds up the two mechanisms
have the same relevance.

5.5 LBE activity comparison for the MYRRHA
Design Revisions 1.4 and 1.8

In the LBE source term assessment carried out for the MYRRHA Design Revision
1.4 [42] the LBE depletion analysis for the spallation target assembly was performed.
This makes it possible to compare the results of this work for the MYRRHA Design
Revision 1.8 with the the source term estimates produced in the past.

The differences in the reactor design and in the modelling assumptions are
established based on the SCK CEN internal reports [43], [44]. Updates in the core
layout were made to fulfill new requirements given in term of target performances.
Other differences involve the codes and data employed: the ALEPH version 2.8 was
already verified with respect to the version 2.5 in Sect. 4.3. ALEPH2.5 was used
to carry out the LBE source term assessment for the MYRRHA Design Revision
1.6 [7], but the work for the MYRRHA Design Revision 1.4 was performed with an
older version of the code. Moreover, older releases of both neutron and proton data
libraries were used in that work, giving different yields for some of the reactions
relevant for the LBE depletion.
Among the core parameters, the most relevant for the comparison are listed
in Tab. 5.3. The analysis of the deviations is limited to the nuclides already

Table 5.3: Major differences in the models employed to evaluate the MYRRHA
source term. Discrepancies come from design differences and modelling assumptions.
Volumes and neutron fluxes are given for the spallation target assembly.

LBE volume
(cm3)

Neutron flux
(n/(cm2 s))

Proton beam current
(mA)

v1.8 (this work) 1.648e+04 1.1054e+15 4.00
v1.4 (past calculation) 1.479e+04 1.6025e+15 2.45

under investigation and the relative deviations are summarized in Tab. 5.4. The
increase in the proton flux due to larger proton current can explain the increase
in the production of spallation products like the mercury isotopes. Tritium shows
an opposite trend, even if it is a spallation product it is underestimated in the
new evaluation. This can be due to updates in nuclear data libraries. The
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Table 5.4: Activity concentrations of relevant nuclides in the LBE in the spallation
target assembly obtained in the past work for the MYRRHA Design Revision 1.4
and in this work for the MYRRHA Design Revision 1.8.

New model v1.4 calculation ∆ %
3H 1.71e+11 1.99e+11 -16.9
194Hg 1.26e+09 7.62e+08 39.3
197Hg 6.97e+10 3.52e+10 49.4
207Bi 3.80e+10 3.17e+10 16.7
210Bi 6.43e+10 5.46e+10 15.1
208Po 4.51e+09 2.62e+09 41.9
209Po 4.65e+08 5.01e+08 -7.79
210Po 4.86e+10 4.39e+10 9.79

reference neutron data library remains JEFF-3.1.2 but an improved algorithm was
implemented to construct smooth reaction rates from the XS from different NDL
such as JEFF-3.1.3 up to 20 MeV, TENDL-2013 to cover energy range 20-200
MeV and data above 200 MeV from HEAD-2009 high-energy activation library.
In addition the latest release of TENDL library [7], replacing the older one was
used in the new evaluation. The production of 210Po increases of about 10% with
respect to the past calculations. The increase is due to an increase of captures in
209Bi.

5.6 Comparison of neutron data libraries
This section investigates the differences emerging when changing the neutron data
libraries. All other parameters of the depletion model are kept identical, including
the high-energy neuron data above 20 MeV (taken from TENDL), the proton
data and the proton spallation model. The libraries used are those introduced
in Sect. 2.4.5. The outcomes are shown in term of deviation with respect to the
concentrations obtained with the reference library, that is, JEFF-3.1.2. The relative
deviations are reported in Fig. 5.5.

Excellent agreement is shown for 208Po and 209Po. This behaviour was expected
since most of the production in the spallation target assembly comes from proton
reactions.

16N is produced by (n, α) reaction in 19F. The corresponding cross section has a
higher threshold and it is slightly lower in the range 10-20 MeV in JENDL-4.0u.
This partially explains the 5% underestimation.

3H is produced both from neutron and proton induced reactions in lead and
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Figure 5.5: EoI concentrations of relevant nuclides obtained with different neutron
NDL. The outcomes are compared to the reference library: JEFF-3.1.2

bismuth. Compared to JEFF-3.1.2, all other nuclear data libraries result in a lower
prediction by maximum 6%.

The mercury isotopes show a common trend. The production of 194Hg, 195Hg and
197Hg is overestimated by JEFF-3.3 and ENDF/B-VIII.0 and underestimated by
JENDL-4.0u, with respect to JEFF-3.1.2. Part of their production comes from 196Hg
and a different buildup of this nuclide can be the reason of the discrepancies. The
deviation of 203Hg is the largest among the mercury isotopes. Completely different
estimations are produced when using JEFF-3.3 and JENDL-4.0u, respectively
overestimating and underestimating by 55% the concentration of the nuclide. The
underestimation by JENDL-4.0u is common to all Hg nuclides and it is emphasized
in this case. The overestimation by JEFF-3.3 can be partially explained looking at
the different evaluation of 202Hg (n, γ) cross section with respect to the previous
version, presented in Fig. 5.6. A resonance region appears below 0.1 MeV and a
high energy tail between 5 and 20 MeV is added. The underestimation observed
in JENDL-4.0u is not related of the capture cross section of 202Hg, that shows
the same evaluation in JEFF-3.1.2 and JENDL-4.0u. The discrepancy between
the concentrations obtained with the two library partly comes from a different
estimation of the concentration of 202Hg, whose reason was not investigated. The
deviation in the concentration of 203Hg is not fully understood and therefore a
deeper analysis must be performed.

The different estimation of 210Po is due to two different evaluations. JEFF-3.1.2
is in agreement with ENDF/B-VIII.0 while JEFF-3.3 shows the same deviation
of JENDL, providing an underestimation of about 44%. The problem lies in the
evaluated cross sections of 209Bi and it is fully discussed in [45].
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Figure 5.6: 202Hg (n, γ) cross section data: absolute values for JEFF-3.1.2 and
JEFF-3.3.
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Chapter 6

Fuel source term -
Equilibrium core model

The output of the equilibrium model, briefly discussed in Sect. 3.2, is the nuclide
inventory of the irradiated nuclear fuel contained in every FA (or FA batch) loaded
in the core. The nuclide concentrations are homogenized over the fuel volume of
each FA batch, as shown in eq. (6.1) and no spatial gradient internal to the FA is
considered.

Ni,batch(t) = 1
V

Ú
V

dr⃗ Ni,batch(r⃗, t) (6.1)

The nuclide concentration in a FA of the equilibrium core is fed to a radioactive
decay model to simulate the time evolution of the radionuclide inventory once the
FA is unloaded from the core.

According to the normal operation strategy, FAs are discharged from the core
after a fixed number of irradiation cycles that depends on the considered reactor
operation mode (critical or sub-critical) and that corresponds to a fixed pre-
calculated burnup level as discussed in [46]. The burnup level at discharge is around
55.1 and 47.0 MWd/kg in the critical and sub-critical configuration, respectively.
The burnup lever in the critical mode is higher because of the larger number
of irradiation cycles, 18 with respect to 13 in sub-critical. Discharged FAs are
temporarily stored in the In-Vessel Fuel Storage (IVFS) in the reactor pool for
further cooling before being extracted from the reactor. Predictions of the residual
decay heat load and activity of a discharged FA act as a boundary condition to
optimize the FA extraction process.

In this work we investigate the possibility that partly-irradiated FAs — i.e., FAs
with an average burnup that is lower than the pre-calculated average discharge
burnup — located in the IVFS are extracted from the reactor. Because of the
MYRRHA IN-to-OUT in-core FA shuffling strategy, FAs with a lower burnup level
generally experience higher neutron fluxes in the irradiation cycles prior to being
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moved to the IVFS. This condition is generally associated to a larger amount of
short-lived fission products and actinides that significantly affect the FA decay heat
and activity in the short term.

Given that the characterization of the FA source term — activity and deay heat
— for any possible burnup level and irradiation option is unrealistic, in this work we
computed the source term derived quantities for each FA in the equilibrium core at
EoC, as if they were immediately unloaded into the IVFS and later on extracted
from the reactor. The analyzed decay period extends to 70 years after discharge.

The governing depletion equation of this study is the exponential radioactive
decay law since no irradiation is involved (the irradiation was simulated to derive
the equilibrium core). The system is described by the Bateman equations and it is
shown in eq. (6.2):

dNi(t)
dt

= −λiNi(t) +
Ø

j

λj→iNj(t) (6.2)

where Ni is the concentration of the nuclide i, depleted because of its own radioactive
decay governed by the decay constant λi and produced by decay of the other atomic
species whose concentration is Nj and decay constant λj→i. An example of relevant
nuclides in the case study involves 241Pu ( t 1

2
= 14.33 y) and 241Am ( t 1

2
= 432.81

y). The latter comes from the β− decay of plutonium 241, that is not produced
during decay unless in negligible amount by decay of 245Cm ( t 1

2
= 8.25e3 y). This

is important because 241Am is the greatest contributor to the decay heat of a FA
at 70 years of cooling. The equations governing the 241Pu-241Am evolution are
reported in eq. (6.3).

NP u1(t) = NP u1(0)e−λP u1t

NAm1(t) = NP u1(0) λP u1

λAm1 − λP u1
e−λP u1t

(6.3)

NP u1 and NAm1 are the concentrations of 241Pu and 241Am while λP u1 and λAm1
are the corresponding decay constants. Rather than to nuclide concentrations, the
main focus of this chapter moves to the decay heat and to the activity of the FAs
after the unloading. Knowing the nuclide inventory, both quantities can be by eqs.
(2.10).

6.1 Nuclide concentrations
The time-evolution of the nuclide inventory of irradiated fuel is modeled taking the
EoC concentrations of each FA, in both the critical and sub-critical configurations,
as initial conditions of the Bateman equations. The nuclides buildup is reported as
a function of the burnup level of a FA. Analysing the buildup of the various atomic
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species certain common patterns emerge. In the following the investigated nuclides
are grouped as actinides and fission products.

Actindes buildup
Generally, the actinides have a similar buildup in the critical and sub-critical
configurations. The buildup of some nuclides is maximized in the sub-critical
case: for instance 242Cm ( t 1

2
= 162.93 y) and 243Cm ( t 1

2
= 28.90 y) have a final

concentration 135% larger than in the critical case.
The plutonium isotopes show different trends. The production of 238Pu ( t 1

2
= 87.70

y) is maximized in the sub-critical configuration as a result of overproduction of its
parent nuclide 242Cm. Conversely the concentration of 239Pu ( t 1

2
= 24129.50 y) is

lower in the sub-critical core, indicating a higher burn rate in this configuration
due to the larger neutron flux.
The larger production of 241Am and 242mAm ( t 1

2
= 141.00 y) in the sub-critical

mode is not explained by the 241Pu buildup, since the latter is under-produced in
the sub-critical configuration. Concerning 242mAm, its neutron capture is lower
in the harder spectrum of the sub-critical core, which results in a larger 242mAm
buildup and a lower production of 243Am ( t 1

2
= 7364.98 y).

Tab. 6.1 compares the actinide concentrations of the most irradiated FA (that with
the largest burnup) for the End of Cycle (EoC) configurations of the critical and
sub-critical cores. The comparison is carried out on FAs that reached the discharge
burnup, higher in the critical configuration. Under the equilibrium assumption, the
irradiation condition of a fuel assembly with largest burnup level, placed in the
core periphery corresponds to the condition of a FA loaded in the core after it has
undergone the whole in-core reshuffling procedure. Therefore the composition in
the fuel assembly with highest burnup level is equal to the composition of a FA at
End of Irradiation (EoI), before being unloaded from the core.

Table 6.1: EoI concentration (FA with largest burnup) ratio between sub-critical
end critical mode for selected actinides.

Nuclide 238Pu 239Pu 240Pu 241Pu 241Am 242mAm 242Cm 244Cm 246Cm
Buildup 1.03 0.96 1 0.94 1.08 1.15 1.36 0.88 0.82

Fission products buildup
The fission products considered in this chapter are those reported in Sect. 1.2.1 and
they are split into two categories depending on how their concentration builds up, as
shown in Fig. 6.1 for the sub-critical configuration. Forthe sake of comparison, the
nuclide concentration buildup curves are normalized to the corresponding nuclide
concentration at EoC for the critical core.
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The first category of fission products includes all the considered nuclides with

Figure 6.1: Buildup of volatile fission products in sub-critical configuration,
divided in two categories depending to their evolution. Normalized on the EoC
concentration in critical configuration.

relatively short half-life. The buildup of these nuclides is driven by the cycle power,
and it reaches its maximum in the first irradiation cycle — e.g., when the FA is
in the core center. Because of the IN-to-OUT in-core FA shuffling scheme, the
concentrations of these nuclides decrease as the FA moves away from the core
center and the FA power decreases. The sub-critical configuration yields higher
peak concentrations for these nuclides because of the larger power generate in the
central FAs compared to the critical core.

The second category of fission products includes the relatively long-lived nuclides.
The concentration buildup of these nuclides is proportional to the FA burnup and it
attains its maximum at EoI. These nuclides show different behaviour and evolution
depending on the specific production path.
Because of its long half-life and its negligible capture cross section, 137Cs ( t 1

2
=

30.05 y) has a linear dependence on burnup. Because of this, it builds up more in
the critical configuration where higher discharge burnup are achieved at EoI.
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3H ( t 1
2

= 12.34 y) and 85Kr ( t 1
2

= 10.76 y) show a similar evolution but the slope
tends to decrease since they slightly decay while building up. This behaviour is
emphasized in 125Sb ( t 1

2
= 2.76 y). 3H production in sub-critical mode is enhanced.

During the irradiation cycle in the core central position its production is greater in
sub-critical configuration. The threshold reactions above 20 MeV become important,
in particular 3H is largely produced from the oxigen contained in the MOX fuel.
The mechanism is not relevant when the FA is irradiated further for the center
since the high energy tail of the spectrum is negligible. Further discussion on this
is presented in appendix A.1.
The non-linear evolution of 134Cs ( t 1

2
= 2.07 y) is explained by the fact that it is

not a direct fission product but it is produced by neutron capture in 133Cs (stable
nuclide), the end product of A=133 isobaric β− decay chain.
127mTe ( t 1

2
= 106.1 d) is the only one among the identified volatile nuclides that is

not shown in the plots. It mostly comes from fission and β− decay of 127Sb ( t 1
2

=
3.85 d) and it reaches the peak buildup during the third irradiation cycle.
The indication on the maximum buildup of each radionuclide can be employed in a
safety evaluation to obtain conservative results when evaluating the concentration
and the associated dose in case of release during accidental sequences.

The volatile nuclides generated in irradiated MOX fuel and that are considered
relevant for a safety assessment can be divided into two categories depending
on their half-life. Short-lived nuclides reach their peak concentration in the first
irradiation cycle, when the FA generates a larger power. For the same reason
we observed that they are produced in larger quantities in the sub-critical mode
rather than in the critical one. Long-lived nuclides build up during irradiation and
they reach their peak concentration at EoI. Their concentration is proportional to
the FA burnup. At discharge, the FA burnup is higher in the critical configuration.

6.2 Activity of an irradiated MYRRHA FA

The activity of a FA as a function of the decay time is evaluated from its source
term as described in eq. (2.10).

46



Fuel source term - Equilibrium core model

Figure 6.2: FA activity as a function of discharge burnup and decay time. Critical
configuration in the top figure, sub-critical in the bottom.

As already discussed, this work has the objective to investigate all the possible
discharge situations of an irradiated FA. The evolution of the FA activity for 70
years of decay in critical and sub-critical configuration is drawn in Fig. 6.2.

Envelope activity
The envelope activity is determined considering the FA conveying the largest ac-
tivity in every step of the decay. Fig. 6.3 shows the evolution of the envelope
curve and the associated FA burnup. The curve describes the the sub-critical
configuration — i.e., the operation mode that gives the larger activity. The FA
activity for the critical case is omitted since the same considerations can be drawn.
In the first period of decay the activity is dominated by the assembly with lower
burnup, that underwent only one irradiation cycle but at the highest power in
the central core position. On the contrary the most irradiated assemblies (largest
burnup) contribute the most in the long term.

Contributors to envelope activity
The activity in the short period is dominated by short-lived fission products, while
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Figure 6.3: Evolution of envelope activity in sub-critical configuration.

at longer decay times it is dominated by 241Pu. The longer the cooling time the
more the effects of burnup are important. The FA with the largest burnup is
responsible for the envelope curve for decay times greater than three years, when
the most of the activity is produced by the actinides. This behaviour is underlined
in Fig. 6.4, showing the contribution of fission products and actinides to the FA
envelope activity curve.

The figure shows the nuclides contributing for more than 5% to the envelope

Figure 6.4: Fractional evolution of major contributors to the envelope activity.
The actinides are drawn with solid line while the fission products with dashed.

activity in the period ranging from 1 to 70 days of decay. Some fission products
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are in a secular equilibrium [47], that is, one parent nuclide with a relatively long
half-life decays in a very short-lived daughter nuclide. In this case such nuclides
are considered together as a source of activity (and decay heat). The decay chain
95Zr ( t 1

2
= 64.03 d) / 95Nb ( t 1

2
= 34.99 d) gives the largest activity contribution

at 90 days of decay. At more than 100 d the dominant contribution comes from
241Pu. It decays in 241Am than takes over after 70 years of decay. For longer time
periods most of the activity is associated to americium and plutonium isotopes.
The same approach employed to present the activity of a MYRRHA FA is also
adopted in the next section to show the decay heat results.

The time evolution of the activity of a MYRRHA FA was parametrically quantified
as a function of the FA burnup to produce an envelope activity curve. In the
short term the FAs with low burnup provide the largest activity because of the
abundance of short-lived fission products. For longer time scales the FAs with
high burnup produce the largest activity because of 241Pu. FAs with intermediate
burnup values make up the envelope activity curve in the decay range 30-1000
days.

6.3 Decay heat of an irradiated MYRRHA FA
The time evolution of the decay heat in a MYRRHA FA for the critical and sub-
critical reactor operation is displayed in Fig. 6.5.

Envelope decay heat
The main focus both from the safety point of view and the dimensioning of com-
ponents is to draw an envelope decay heat curve that provides the largest value
of decay heat as function of decay time. The envelope decay heat curve in the
sub-critical case is shown in Fig. 6.6, following the considerations in Sect. 6.2. For
short decay times, FAs with low burnup — irradiated at high power — release
the largest decay heat because of great amount of short-lived nuclides. In the
mid-term, from 14 days to 2 years, FAs with a intermediate burnup levels provide
the largest decay heat. At longer time scales the FAs with the largest burnup and
minor actinide concentrations produce the largest decay heat.

Decay heat associated to particle emission
The decay heat is produced by α, β and γ-particles emitted as a part of the decay
process of the nuclides that form the radioactive inventory of a FA. The envelope
FA decay heat curve was sub-divided according to the responsible decay process
and it is presented in Fig. 6.7. The majority of the fission products β-decays
and generates unstable nuclei that stabilize by the emitting gamma radiation.
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Figure 6.5: Fuel assembly decay heat rate as function of FA burnup and decay
time. Critical configuration in the top figure, sub-critical in the bottom.

Figure 6.6: Evolution of envelope decay heat curve in sub-critical configuration.

This decay path is the most relevant in the first several days of decay, with an
even apportioning of the decay heat between β and γ radiation. The decay chain
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Figure 6.7: Decay heat envelope curve associated to particle emission. The
sub-critical configuration is taken into account.

137Cs/137mBa is an example, where the β− decay of 137Cs is rapidly followed by the
emission of a γ-ray from 137mBa ( t 1

2
= 2.55 min). α-particles dominate the decay

heat at longer decay time because of the major α-emitters 238Pu and 241Am.

Decay heat contributors
All the nuclides that contribute for at least 5% to the FA decay heat at any decay
time are reported in Fig. 6.8.

Figure 6.8: Fractional evolution of major contributors to the envelope decay heat.
Actinides are plotted with solid line while fission products with dashed.
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The dashed and solid lines are used to distinguish fission products and actinides.
In the short term the FA decay heat is dominated by short-lived fission products
and by 239Np ( t 1

2
= 2.356 d). The major contributor between 1 and 10 days of

decay is 140La ( t 1
2

= 1.678 d). 132I ( t 1
2

= 2.295 hr), 242Cm, 95Zr and its daughter
95Nb also contribute more that 10% in this interval of time.
242Cm and the decay chain 95Zr/95Nb gain importance at intermediate decay times
and they are the major contributors to decay heat at 90 days of decay. Also, a
non negligible contribution comes from the decay chain 106Rh/106Ru ( t 1

2
= 2.2

hr, t 1
2

= 1.017 years) and by 135I ( t 1
2

= 6.58 hr). At 90 days decay heat coming
from actinides has the same magnitude of that generated by FPs and its relevance
increases going further.
After 420 days of decay the relative decay heat contribution of 242Cm reduces from
40 to 25% even if it still conveys the largest decay heat. At this point the α-decay
of 238Pu starts to be relevant. Together with 241Am, 238Pu is the largest contributor
up to at least 70 years of decay. The fission products decay heat is less relevant in
the longer decay period. A contribution between 5 and 10% comes from the decay
chains 90Sr ( t 1

2
= 28.80 y) /90Y ( t 1

2
= 2.67 d) and in particular 137Cs/137mBa.

The four main contributors to the MYRRHA FA decay heat at 70 years of decay
are α-emitters: 238,239,240Pu and 241Am.

The time evolution of the decay heat of a MYRRHA FA was parametrically
quantified as a function of the FA burnup to produce an envelope decay heat
curve. In the short term the FAs with low burnup provide the largest decay heat
because of the abundance of the β,γ-decay of short-lived fission products. For
longer time scales the FAs with high burnup produce the largest decay heat mostly
because α-emitters 238Pu and 241Am. FAs with intermediate burnup values make
up the envelope activity curve in the decay range 30-1000 days.

The investigation of nuclear data uncertainty to the total decay heat is one of
the objectives of this work. Fig. 6.8 shows the nuclides that play a role and of
which concentrations it is important to quantify the uncertainty. This exercise is
described in detail in 8.

6.4 Production mechanisms for the nuclides rel-
evant for the source term of the MYRRHA
FA

In this sections the production paths of the nuclides relevant for the analysis of
the source term of a MYRRHA FA are described. The nuclides taken into account
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belong to three categories:

• volatile fission products important in case of accidental release;

• nuclides contributing to the decay heat in the FA after;

• plutonium isotopes and minor actinides relevant for the spent fuel management.

The production mechanisms are investigated by a thorough analysis of the
the reaction rates involved in the depletion process. A limit of this study is that
only the critical operation mode is analysed, and that all the nuclear reactions for
neutrons with energies above 20 MeV are not taken into account. This assumption
is deemed to be acceptable for the analysis of the fuel source term. An insight of
the difference in the production mechanisms present in the critical and sub-critical
mode of operation is presented in appendix A.1 for specific nuclides (3H).
The considered volatile nuclides are produced mainly by fission either as direct
fission products or as indirect fission products following the isobaric decay process.
3H is produced by ternary fission. Their production via neutron capture is generally
negligible.

The outlier of this category is 134Cs, which results from neutron capture in 133Cs.
The same conclusion can be drawn for the fission products relevant for decay heat,
with their production being mainly linked to the fission of plutonium isotopes.

Minor actinides appear from the neutron-induced transmutation of the uranium
and plutonium isotopes contained in the fresh MOX. The MOX fuel considered for
MYRRHA is made by 30% of plutonium, which drives the nuclear fission chain
with isotopes 239Pu and 241Pu. In parallel, plutonium is bred and depleted through
neutron capture reactions. The buildup of plutonium isotopes is shown in the
first plot of Fig. 6.9. The most depleted isotope of plutonium is 241Pu since its
participates to fissions and its production mechanism is less effective than for 239Pu
since more neutron captures are necessary. 238U is the is the most abundant nuclide
in the fresh fuel and a continuous source of 239Pu via neutron capture. The reaction
chain is shown in eq. 6.4.

238U
(n,γ)−−−→ 239U

(β−)−−→ 239Np
(β−)−−→ 239Pu (6.4)

Minor actinides are concerning for SNF management. 241Am is the main contributor
to decay heat at 70 years of cooling because of its half-life. It is produced by 241Pu
β− decay both during irradiation and after discharge of the fuel assembly. Additional
neutron captures in 241Am lead to the production of other minor actinides such as
242Cm, as shown in eq. (6.5).

241Pu
(β−)−−→ 241Am

(n,γ)−−−→ 242mAm
(β−)−−→ 242Cm (6.5)
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242Cm (t 1
2

= 163 d) is important for the FA decay heat following the considerations
in Sect. refcoreDH. It is produced by the radioactive decay of 242mAm and, because
of its half-life, it reaches its peak concentration at intermediate burnup levels, i.e.,
before the FA discharge. Its irregular buildup curve is to be associated by its decay
constant.
243Cm is produced by neutron capture in 242Cm, while only a small amount of
244Cm ( t 1

2
= 18.00 y) follows this chain. The 244Cm dominant production path

is from the β-decay of 244Am ( t 1
2

= 10.1 hr), generated by successive captures in
242mAm. Heavier curium isotopes are produced through neutron capture in 244Cm
with a strong non-linear dependence on burnup.
243Cm and 245Cm ( t 1

2
= 8255.49 y) have larger (non-threshold) fission cross

sections compared to other curium isotopes, and they can also fission spontaneously.
However, because of their tiny concentration in the nuclear fuel their major depletion
mechanism is α decay.

The nuclides relevant for the source term of the MYRRHA FA were divided into
three categories. Volatile fission products, as well as fission products important
for the decay heat are directly produced by fission.
The minor actinides that pose a burden for the spent fuel management are
generated from the nuclear transmutation of the plutonium driver fuel.
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Figure 6.9: Buildup of actinides during irradiation, normalized on the EoI
concentration.
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Chapter 7

Model simplification - From
a 3D core model to a 2D fuel
assembly model

In this chapter the concept of a Fuel Assembly (FA) model is introduced. The
development of such a simplified model to simulate the depletion of the MYRRHA
fuel comes from the necessity to perform a number of analyses that would demand
too many resources for a full core simulation. The main purpose of this work was
to produce a model that:

• has a low computational cost;

• it is flexible;

• it mimics as much as possible the behaviour of the 3D core model for what
concerns the FA source term.

Even without providing highly accurate best-estimate results, this low-fidelity
surrogate model shall be suitable to perform the uncertainty quantification studies
that are deemed unfeasible for a full core model. The same approach was used
in [48] for an uncertainty analysis in a depletion model of the MYRRHA Design
Revision 1.6. This methodology is also widely used for the characterization of spent
nuclear fuel (SNF) of traditional LWR reactors [49].
Given the selected approach to propagate uncertainties on input parameters — i.e.,
statistical sampling — the nuclide vector uncertainty quantification would be too
time consuming using a full core model. The propagated uncertainties come from
the nuclear data and they are used to provide confidence intervals for safety related
parameters and to drive design choices.
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A second analysis is carried out to estimate the impact of some of the model
assumptions that led to the FA model. In particular, the focus was on assessing
how the axial power and burnup profiles in the FA affect neutronic parameters and
the depleted nuclide inventory. For this purpose both 2D and 3D FA models were
developed.
The inputs of the FA models were taken from the results of the full core depletion
simulation in critical mode. The sub-critical configuration was not investigated for
the evident difficulties in representing the external proton source. This must be
considered drawing the conclusions since, as already shown by the results in the
previous chapter, the sub-critical configuration provides the worst scenario both
for the FA activity and decay heat.

In total, four depletion models were developed in this work to study the
MYRRHA fuel source term:

• the 3D full core models (at equilibrium) for the critical and sub-critical reaction
operation: they were used to determine the buildup of volatile nuclides during
irradiation and the FA activity and decay heat envelope curves.

• a 2D FA model: it was used to propagate the uncertainty of nuclear data.

• a 3D FA model: it was used as a reference to investigate the impact on the
nuclide vector of considering an axial flux, power and burnup profile.

• a 3D FA model with axial depletion zones: it was used as a reference to
investigate the impact on the nuclide vector of considering an axial flux, power
and burnup profile. All the FA models are developed in Serpent [27].

7.1 Fuel assembly models description
The model of the fuel assembly consists of the hexagonal lattice of fuel pins encased
in the steel wrapper and cooled by LBE. Each fuel pin contains the MOX fuel and
the steel cladding and the gap of neutron gas. A schematic view of the simulated
FA is shown in Fig. 7.1.

2D FA model
The 2D FA model makes use of reflective boundary conditions in all directions
assuming to model the FA as an infinite system. In the radial direction the as-
sumption implies that the fuel assembly is completely surrounded by other FAs
and therefore there is no neutron leakage since the neutrons crossing the boundary
re-enter the system.

57



Model simplification - From a 3D core model to a 2D fuel assembly model

Figure 7.1: Cross sectional view of the MYRRHA fuel assembly

Homogeneous 3D FA model
The 3D FA model considers a realistic fuel assembly design in which each fuel pin
as a stack of fuel pellets, reflectors, a steel structure and plugs. The top and bottom
grids and the supporting structures made of stainless steel are also modelled. Such
a model of the fuel assembly includes the neutron leakage from the axial boundaries,
the neutron slowing down and the neutron reflection from above and below the FA
active region. In the homogeneous model fuel is considered as a whole for depletion
calculation and the flux to estimate the reaction rates is averaged on the total fuel
region.

3D FA model with depletion zones
To take into account a impact of axial dependant depletion the fuel material is
divided in sub-zones where the respective reaction rates are evaluated taking the
flux averaged on the specific regions.

Simulation setup
The simulation setup of the Serpent FA models is summarized in Tab. 7.1. For the
accurate 2D FA model one of the available predictor-corrector schemes provided by
Serpent is employed. CE-LI method, constant-extrapolation linear-interpolation
is based on the calculation of flux and cross section at the beginning of the step
and then the same calculation at the end of the step after the material is depleted.
The final burnup calculation is performed linearly interpolating the values of flux
and cross sections from the beginning to the end of the step.
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Table 7.1: Serpent simulation parameters

Model Number of particles
simulated

Number active
generations Predictor corrector Simulation

running time
2D accurate 1e5 250 CE-LI 87 min
2D simplified 1e4 250 No 17 min
3D homogeneous 1e5 250 No 83 min
3D axial depletion (40 zones) 1e5 250 No 490 min

7.2 Fuel assembly model assumptions
The objective of a FA model is to simulate the irradiation history of a FA loaded
in the MYRRHA core, including the chage of power associated to the in-core FA
reshuffling described in Sec. 3.1.

Normalization parameter
The power generated by a FA as it is shuffled though the core is retrieved from the
3D full core simulation at equilibrium and it is used as a normalization parameter
for the FA simulation. The power level of the FA is varied in each irradiation
step according to the position the FA would have if it followed the actual in-core
reshuffling scheme. A scheme of the irradiation history is provided in Fig. 7.2.

Figure 7.2: Irradiation history of the FA. The power level is retrieved from the
core at equilibrium, taking into account the FA reshuffling the core.

Boundary conditions
The fuel assembly models, both 2D and 3D have radial reflective boundary condi-
tions that keep the neutrons back in the system when they cross the boundaries.
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This modeling assumption is not fully representative of what happens in the core
where there is a net neutron current going in/out from the fuel assembly. Morever,
if reflective BCs are applied, the model is less suitable to reproduce the behaviour of
a fuel assembly which is found in specific position such as near to a CR/SR or in the
outer region of the core near to the reflector, when it is not surrounded by other FAs.

Fuel composition
The fuel burned is MOX 30% enriched in plutonium. The initial composition is
the fresh fuel one, not subjected to decay.

7.3 Fuel assembly model limitations
The main limitation of FA models is introduced by the boundary conditions and it
implies the neutron flux in the core is not reproduced by the FA model. In radial
direction the neutron flux is almost flat while the actual shape in the core has
peak in the core center and it slopes down toward the external region. It implies
the differential depletion in radial direction cannot be caught by any FA model.
This phenomenon, noticed in the full core model, is counterbalanced by the radial
dependant depletion itself, since the fuel will be more depleted where neutron
flux is originally higher leading to a reduction of fissions when burnup is higher.
Moreover, the 2D FA model is not able to simulate the neutron leakage through the
axial boundary, bringing to a flat neutron flux profile in axial direction. This issue
is overcome by 3D models, that are investigated to assess the impact of axial burnup.

7.3.1 Spectral differences between core and fuel assembly
simulations

Spectral differences between the core and FA simulation induced by modeling
assumptions are explored in this section. The neutron spectrum of the fuel assembly
irradiated in the core central position (101) is compared with the spectrum obtained
in a FA simulation. The neutron spectra are depicted in Fig. 7.3.

Spectra are similar in the high energy region while differences emerge in the
lower energy tail that is not present in the 2D FA model. However this region of
the spectrum is nearly negligible, being two orders of magnitude lower. On the
contrary, the small spectral differences in the fast region induce largest effect on the
reaction rates. The integrated reaction rates for two relevant reactions are shown
in Tab. 7.2 to emphasize the impact of spectral shift in the nuclide vector. The
two reactions depicted are the fission of 239Pu and the neutron capture in 240Pu. A
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Figure 7.3: Spectral comparison among core and 2D/3D FA model.

Table 7.2: Reaction rates of fission and neutron capture respectively in 239Pu and
240Pu

Reaction Rate (n, f) 239Pu (n, γ) 240Pu
3D core model 2.79e15 7.14e14
2D fuel assembly model 2.88e15 7.82e14
3D fuel assembly model 2.86e15 7.94e14

good agreement is seen between the two FA models on the total numbers of fissions.
In the core 239Pu fission reaction rate is slightly lower, but it is compensated by
more fissions in 238U and 240Pu, that is an indication of a harder spectrum. The
neutron capture in 240Pu is the first capture step bringing to the production of all
minor actinides. 3D FA simulation provides the largest reaction rate, 1.5% higher
than 2D and 12% higher than in the core simulation. From this analysis an increase
in the production of minor actinides in the FA models is expected.
The spectral variations are marked between FA and core model as they are less
relevant among 2D and 3D. They are only one aspect of the differences between
the core and FA models. Another one to be investigated is the discrepancy in the
power profile.

7.3.2 Power profile discrepancies
A large discrepancy in the 3D fuel assembly model with respect to the core simula-
tion was noticed in the axial power profile. The first shows tails in the top and

61



Model simplification - From a 3D core model to a 2D fuel assembly model

bottom regions, that are present in the core simulation only in minor entity in
assemblies in specific position, near control/safety rods or in the external position.
This non-physical behaviour is related to the assumption of perfect reflectivity in
the FA models and it is connected to the discussion on the spectral shift. In the
FA models the neutron spectrum is softer, neutrons re-enter in the system with
lower energy and they produce fissions; this phenomenon is more visible in the edge
regions since in that part of the system the neutron flux is lower. The consequence
is a local peak of power generated and, in turn a higher burnup in the edges. The
effect on the power is therefore produced by combination of spatial and spectral
effects.

Partial reflectivity impact on power profile
A method to take into account one aspect of the phenomenon is to set a fixed value
of particles leakage through the boundaries.

It tackles part of the issue connected to the number of neutrons in the system
but it does not consider the spatial and spectral effects.
A parametric study has been carried out to investigate the influence of neutron
leakage parameter (albedo) on the power profile, that is the quantity more effected
by the modeling assumption. The results of the analysis are summarized in Fig.
7.4. The fission reaction rate, being the count of the number of fissions in the

Figure 7.4: Axial profile of the normalized fission reaction rate. The result of the
core model central assembly is compared with the one of FA model. Green and
purple curves show the effect of albedo.
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system is proportional to the power with a scaling factor equal to κ, the energy
release per fission. The plot is normalized and the total number of fissions is set to
one. The reduction of albedo affects the power (fission reaction rate) profile. The
impact is evident passing from an albedo 98.9% to 95%. The power profile tends
to be more peaked in the center and more depressed in the edge reducing albedo.

Partial reflectivity impact on nuclide vector
The impact of partial reflectivity boundary condition on the nuclide vector is
assessed and the discrepancies for a subset of nuclides are presented; a similar
analysis on a PWR system was carried out in [50] to estimate the sensitivity of
SNF observables on the neutron leakage parameter itself. The neutron leakage rate
have been chosen arbitrarily: it has been calculated in a reference fuel assembly
criticality calculation imposing a target keff corresponding to the multiplication
factor of the core at equilibrium. The albedo obtained is of 95.94 and 97.49% for the
2D and 3D model, respectively. It is used to run transport/depletion simulations
to be compared with the results of models with pure reflective BCs, to investigate
the impact of partial reflectivity and if it allows to target the core concentrations.

The comparison is carried out on a 2D model and the nuclide vectors at end
of irradiation are compared. The deviations that arise are presented in Fig. 7.5.
The concentration of most of volatile FP is not affected, with deviation up to

Figure 7.5: Deviation on the EoI nuclide inventory of the 2D FA with partial
reflective boundary conditions (albedo=0.959) with respect to perfect reflective
boundary conditions.

2%. An slight underproduction of xenon isotopes and overproduction of kripton is
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osbserved. The most discrepant among volatiles is 134Cs that is underproduced of
25% in case of albedo BCs. This is consistent with the hypothesis that reflective
boundary conditions soften the spectrum because 134Cs is produced by capture and
the reaction rate increases if the spectrum gets softer. The same trend is observed
on minor actinides, americium and curium isotopes.
The main conclusion from this preliminary study is that applying partial reflective
boundary condition can modulate the spectrum to match the one of the core and
attain more agreement with core result in term of nuclides inventory. The issue
lies in the methodology employed to get the leakage fraction that should be more
deeply investigated. Moreover the physical relationship between increase of the
leakage rate and spectral hardening is not fully established.

7.4 Fuel assembly model output
This section aims to characterize the 2D and 3D fuel assembly model neutronic
parameters. The evolution of kinf and the neutron spectrum during irradiation are
presented.

7.4.1 2D fuel assembly model output

kinf and spectral plots are shown for the accurate 2D model, respectively in Fig.
7.6 and Fig. 7.7.

Figure 7.6: kinf evolution in 2D fuel assembly with reflective BCs. Statistical
uncertainty associated is shown in the zoom.

The multiplication factor reduces linearly with burnup and the uncertainty is
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Figure 7.7: Neutron spectrum in the fuel assembly at different burnup level

on the order of 7 pcm. The curve has a slope:

dk

dBU
= −2.75e − 3

The spectral variation as function of burnup is low. There is global reduction of
the neutron flux due to the progressive reduction of the power but the shape stays
constant during FA irradiation.
The main reason for FA model development is the possibility to perform uncertainty
analysis. The 2D fuel assembly model is further simplified with the purpose of
performing statistical sampling lowering the computational cost in term of time
and resources. The simplifications do not concern the geometry but only the
simulation parameters: the number of particles simulated is reduced of a factor 10
and the predictor-corrector was switched off. It is verified that the simplifications
introduced have a very limited impact on the inventory of the nuclides analyzed.
Largest deviation of around 3% occurs in 246Cu, meaning that the simplified model
is suitable to perform uncertainty analysis being representative of the accurate one.

The 2D fuel assembly model is suitable for uncertainty quantification of the
nuclide vector. The preliminary analysis of the neutronic parameters shows
that the keff reduces almost linearly with burnup and the shape of the neutron
spectrum stays the same increasing the burnup of the assembly.
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7.4.2 3D fuel assembly models output
The 3D fuel assembly simulation is performed introducing depletion zones uniformly
distributed in axial direction. In this way each region is independently depleted
and the local neutron spectrum is taken into account when estimating the reaction
rates used to solve the burnup equations. The variation of the kinf and the nuclide
inventory as function of the number of depletion zones is assessed in this section.

Multiplication factor
kinf evolution is presented in Fig. 7.8. The simulation without divisions is taken
as a reference. The reduction of multiplication factor is linear with burnup as in
2D case and the value at specific burnup steps is shown in Tab. 7.3. The impact of

Table 7.3: kinf in the homogeneous 3D fuel assembly model (without depletion
zones) as function of burnup.

burnup MWd/kg 0 34.7 52.8
kinf 1.36 1.28 1.24
Statistical error pcm 22 25 25

axial depletion zones on kinf is investigated in Fig. 7.8 where the deviation with
respect to homogeneous model is assessed.
The values match for all the models with depletion zones considered in the range

of 2 σ. A slight reduction of kinf with respect to the homogeneous model is noticed
at high burnup levels. This reduction is limited to 200 pcm in the last irradiation
cycle, induced by a variation in the material composition.

Nuclide vector
The deviation in the nuclide vector introduced by the fuel material division is
negligible for most of fission products, plutonium and americium isotopes. The
most affected nuclides are shown in Fig. 7.12, where the EoI concentrations are
compared in the model with depletion zones with respect to the homogeneous one.
The largest discrepancies are observed for higher curium isotopes and they tend to
grow increasing the number of zones. For all the nuclides analysed the deviations
are lower than 1% except for 246Cm ( t 1

2
= 4.730e3 y) that is underestimated up to

5% not considering axial depletion.

The axial fuel material sub-division in the 3D fuel assembly model has a limited
effect on the neutronic parameters and the nuclide vector.

66



Model simplification - From a 3D core model to a 2D fuel assembly model

Figure 7.8: kinf variation with respect to homogeneous 3D FA model introducing
axial depletion zones.

Figure 7.9: Deviation on EoI concentrations evaluated in 3D FA simulations:
comparison of axial depletion zones with respect to the homogeneous model.
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7.5 Comparison of fuel assembly model with re-
spect to equilibrium core output

This section is devoted to compare the nuclide inventory obtained in the fuel assem-
bly simulations with the output of the equilibrium core. The models investigated
are those presented in this chapter, the comparison is carried out between the
nuclide vector after the first irradiation cycle (at higher power) in the FA model
and the fuel irradiated in position 101 (central position) in the core.

7.5.1 2D fuel assembly model
The deviations of the 2D fuel assembly with full reflective boundary conditions
are presented in Fig. 7.10. The models show good agreement for most the fission

Figure 7.10: Comparison of the EoC concentration in a 2D fuel assembly model
with full reflective boundaries to the results obtained from a core simulation.

products of interest and plutonium isotopes. Discrepancies arise in minor actinides
and some specific FPs, such as 91Kr ( t 1

2
= 8.57 s), 129mTe ( t 1

2
= 33.6 d), 134Cs.

The production of all minor actinides is overestimated in the fuel assembly as a
consequence of the spectral shift discussed in Sect. 7.3.1. They all comes from
successive captures from plutonium and the capture reactions rate are enhanced as
a consequence of softer spectrum. This phenomenon brings to an overestimation
up to 40% in 246Cm.
As indicated in the previous section, one of the main limitations resides in the
difference of the neutron spectrum obtained in the FA model respect to the fuel
assembly irradiated in the core. A possible solution was investigated, i.e. varying
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the boundary conditions to modulate the spectrum. Fig. 7.11 shows the comparison
among the FA model with partial reflective boundary conditions and the core on
the nuclide inventory at EoC. An opposite behaviour is encountered with respect
to the previous case, showing that the nuclide vector is strongly affected by the
partially reflective boundary condition in this case study. The albedo parameter

Figure 7.11: Comparison of the EoC concentration in a 2D fuel assembly model
with partial reflective boundary conditions to the results obtained from a core
simulation.

used for the simulation was the same discussed before, the one that guarantees to
obtain the same keff of the equilibrium core. This choice is arbitrary and does not
reflect the real neutron leakage from the fuel assembly analysed but it points out
where the discrepancy comes from.

As previously stated, the purpose of the fuel assembly model is not to be fully
representative of the fuel assembly irradiated in the core in the best estimate results
but to provide a surrogate model to perform uncertainty quantification. The scope
of this work in this regard is limited to assess and try to explain the discrepancies
obtained.

7.5.2 3D fuel assembly model
The analysis of nuclide vector obtained in the 3D fuel assembly simulation is carried
out in this section. The comparison with the results of the 2D model are presented
in Fig. 7.12.

134Cs shows the largest discrepancy around 6% among all the nuclides investi-
gated. Other concerning fission products show discrepancies lower than 1%. Minor
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Figure 7.12: Comparison of EoC nuclides concentration in 3D FA model with
respect to the results of the 2D fuel assembly model. Bright and dull bars are
referred to the model with and without axial depletion respectively.

actinides are in agreement with 2D model if the axial division of the fuel material
is not taken into account, as highlighted by the dull bars in the plot.
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Chapter 8

Nuclear data uncertainty

This section covers the uncertainty analysis carried out on the nuclide vector and
derived quantities such as the decay heat. The output uncertainty is determined by
the uncertainties of modeling parameters as well as input data. Particular attention
is paid on the uncertainty coming from nuclear data that has been proven to be one
of the main contributors in many applications. In this work uncertainty coming
from nuclear data is estimated by means of statistical sampling techniques.
Neutronic cross section data contained in JEFF-3.3, ENDF/B-VIII.0 and JENDL-
4.0u nuclear data libraries and neutron fission product yields coming from JEFF-3.3
are propagated in separate runs following the methodology briefly described in
Sect. 2.3.2.

8.1 Uncertainty on nuclide vector
The nuclide vector and its evolution as function of irradiation/decay time is the
main output of the burnup calculations performed in this work.

8.1.1 Cross sections uncertainty propagation

The propagation of cross section uncertainty is performed considering all available
nuclides which uncertainty is present in the three previously discussed libraries. A
set of 200 samples is generated to perform statistical sampling. The determination
of the sample size is based on observing the convergence of the inputs and of the
outputs. The exhaustive list of the nuclides perturbed and the output convergence
analysis are presented in appendix B, while the perturbation coefficients convergence
is shown in 2.3.2. The output presented in this work is the uncertainty associated
to the nuclide vector with main focus of the relevant nuclides already discussed.
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Impact of cross section uncertainty on actinides concentrations

The first category of nuclides analysed comprises the actinides important for spent
fuel management , and their concentration uncertainties at EoI are depicted in Fig.
8.1.

Figure 8.1: Actinides concentration uncertainty at EoI coming from cross section
uncertainty propagation.

Uncertainty of uranium isotopes
235U ( t 1

2
= 7.038e8 y) and 238U ( t 1

2
= 4.468e9 y) show limited uncertainty. 235U

neutron capture cross section uncertainty brings to a progressive increase of its
uncertainty with burnup. On the other side, it constitutes the major source of
uncertainty for 236U ( t 1

2
= 7.370e7 y), that constantly builds up in the system.

The discrepancies of the libraries are explained looking at the relative standard
deviation in the fast region where the uncertainty given by JENDL-4.0u NDL is
lower with respect to the others. 238U shows negligible uncertainty. The sensitiv-
ity to any production/depletion mechanism is low because it is present in large
amount in the fresh fuel and its concentration varies less then 1% during irradiation.

Uncertainty of plutonium isotopes
Pu isotopes are initially present in the fresh fuel and depleted by means of fission,
neutron capture and decay. Their uncertainty is in the range 0.25 to 2.5% at EoI.
The uncertainty evolution of plutonium isotopes is shown in Fig. 8.2, it tends to
increase with burnup and it evolves in the opposite way respect to their buildup,
displayed in Fig. 6.9.

238Pu production is mainly bond to 242Cm that is ahead in the capture chain
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Figure 8.2: Plutonium isotopes uncertainty evolution as function of the FA
burnup.

while its depletion happens by neutron capture; since its concentration varies of
15% during irradiation, the global effect of production/depletion has a limited
impact. JEFF-3.3 and JENDL-40u give a similar evaluation of the relative stan-
dard deviation of 238Pu total cross section, larger than ENDF/B-VIII.0 and this is
consistent with the corresponding bars in Fig. 8.1. The uncertainty concentration
of 242Cm affects the 238Pu uncertainty in lower amount being its depletion greater
than the production.
239Pu has very low uncertainty, coming from its own total cross section; 240Pu is
produced and depleted by neutron capture and the two mechanisms are of the
same order of magnitude. So its uncertainty is both due to capture cross section of
239Pu and its own cross section.
241Pu has relatively low half-life and it decays into 241Am other than undergoing
fission. Its uncertainty is the highest amongst plutonium isotopes since its con-
centration has a largest variation during irradiation and it is more sensitive to
the production/depletion during irradiation. 241Pu mainly comes from neutron
capture in 240Pu. The uncertainty given by JEFF-3.3 for this XS is greater than
the other libraries in the region from 0.01 to 1 MeV and this explains why the
output uncertainty obtained with this NDL is higher.
242Pu ( t 1

2
= 3.735e5 y) concentration undergoes a limited variation, its uncertainty

comes from σ(n,γ) of 241Pu and its own σt. Reduced uncertainty is observable with
JEFF-3.3 since covariance matrices of 242Pu are not available in this library.

Uncertainty of americium isotopes
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The americium isotopes are produced by successive captures from 241Am that in
turn comes from β− decay of 241Pu; the source of uncertainty for these nuclides
is primarily attributed to the capture cross sections of their respective parent.
JEFF-3.3 systematically underestimates their uncertainty since covariance matrices
of 241Am, 242Am and 242mAm are not available.
241Am is initially present in the fresh fuel, which results in a lower uncertainty,
primarily influenced by the uncertainty on the concentration of 241Pu and its σ(n,γ)
(neutron capture cross section). The uncertainty on the concentration of this nuclide
has a strong impact on the decay heat rate at 70 years of decay since it is one of
the main contributors. JENDL-4.0u NDL gives the largest estimate of 242mAm and
243Am uncertainty since the it provides greater cross section uncertainties in the
region from 0.01 to 1 MeV.

Uncertainty of curium isotopes
242Cm is an important contributor to the decay heat of SNF in the first years
of cooling and it shows very similar uncertainty of 242mAm, which is its major
production path. The uncertainty associated to 242Cm capture cross section is
of the order of 20 to 40% in the energy range of interest in JEFF-3.3 but it has
negligible impact on its concentration uncertainty. On the other hand, this same
source of uncertainty has a significant effect on the product of the reaction, 243Cm.
The uncertainty for 243Cm is consistently around 25 to 30%, and it is primarily
attributed to its production mechanism since it is less sensitive to its total cross
section. The uncertainty associated to 243Cm is not propagated to 244Cm because
the latter is only produced in limited amount through neutron capture reactions.
The primary source of production of 244Cm is the β− decay of 244mAm. Therefore,
the uncertainty in 244Cm arises from the uncertainties in the americium isotopes
involved in this decay process.
The uncertainty on the concentrations of heavier curium isotopes increases up to
40% and 50% and is mainly driven by the uncertainties in their parents capture cross
sections. 245Cm concentration uncertainty is overestimated by JEFF-3.3 since it
gives greater standard deviations with respect to the other libraries. ENDF/B-VII.0
and JENDL-4.0u have the same covariance matrix for the capture cross section of
244Cm so the mismatch in the 245Cu concentration uncertainty is due to the concen-
tration uncertainty of the parent nuclide. The opposite happens when considering
246Cu: even in this case JENDL-4.0u and ENDF/B-VIII.0 share the covariance
matrix evaluations but they give much larger uncertainties than JEFF-3.3 and
this translates in larger concentration uncertainties in 246Cm as depicted in the plot.
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Impact of cross section uncertainty on fission products concentrations:
volatiles & decay heat contributors

The second category analyzed includes volatile fission products conveying the
largest dose in case of release identified in Sect. 1.2 and the FPs contributing to
decay heat. Almost all of them are direct fission products, so their production is
proportional to the number of fissions in the system that is determined by the input
power. The low uncertainty observed comes from the small fraction produced by
neutron capture reactions and the statistical error inherent in Monte Carlo. The
EoI uncertainty concentration of both categories is depicted in Fig. 8.3 and the
only non-negligible contribution comes from 134Cs and 3H.
134Cs is almost 100% produced by neutron capture in 133Cs and its uncertainty

Figure 8.3: Fission products concentration uncertainty at EoI coming from cross
section uncertainty propagation. Divided in volatiles and decay heat contributors.

directly comes from the capture cross section of the parent. The uncertainty
obtained with JEFF-3.3 and ENDF/B-VIII.0 is around 10% in agreement with the
relative standard deviation given on the (n, γ) cross section that ranges from 4%
in the thermal up to 40% in the fast region in both libraries. Lower uncertainty is
obtained with JENDL-4.0u NDL which does not provide uncertainty measures for
133Cs and fission products in general.
The uncertainty associated with 3H has a distinct source, which deserves further
examination. In critical configurations, its primary production path is through
ternary fission, a process in which three products are generated from a fission
reaction. While this is a rare event with a low yield, it remains significant be-
cause it contributes to the accumulation of tritium within the fuel assembly. The
uncertainty obtained from ENDF/B-VIII.0 library arises from the fact that the
fission yield data provided in the library does not account for ternary processes, as
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demonstrated in Fig. 8.4, with JEFF-3.3 used as a reference. If tritium production

Figure 8.4: Independent fission yields as a function of product mass number for
239Pu in the fast region (E = 400 keV ).

by fission is not taken into account its concentration is underestimated of five
orders of magnitude and in this case the amount produced is so small that the
uncertainty observed comes from statistical fluctuations as shown by the last bar in
Fig. 8.3 and it is irrelevant as the tritium produced is negligible. The assumption
of neglecting ternary fission gives a strong underestimation of the production of
one of the most important nuclides in the analysis.
A second issue connected to tritium is that the production mechanism is not the
same in sub-critical configuration, where its production is maximized, so part of its
uncertainty is not considered in a critical system. A deeper analysis on this regard
is carried out in appendix A.
The uncertainty of the other fission products coming from the XS uncertainty is al-
most negligible, therefore to give a more reliable estimation of the uncertainty of the
other relevant FPs is necessary to broaden the analysis to the neutron fission prod-
uct yields that are expected to be the main source of uncertainty for fission products.

The propagation of cross sections uncertainty by means of statistical sampling
provides the uncertainty estimation of the nuclide concentrations. The impact on
plutonium isotopes is limited to 2.5% and it increases for minor actinides up to 60
% in 246Cm. The uncertainty of fission products concentrations is negligible since
their production is not affected by cross sections variation; 134Cs is the exception,
being produced by neutron capture in 133Cs. The uncertainties vary depending
on the NDL employed since each of them provides different covariance matrices.
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8.1.2 Nuclear fission product yields uncertainty propaga-
tion

The need for uncertainty values of fission product concentrations drove to conduct
the propagation of uncertainty for the Neutron Fission Product Yields (NFPY)
alongside the neutron cross-section data. Covariance matrices are not provided for
neutron fission product yields, the uncertainty measure is given in term of variance
and therefore correlations among fission yields are not taken into account. This
brings to quite large output uncertainties associated since σ2 is of the order of 10%
for most of Independent Fission Yields (IFY). Methods to reduce independent fission
yields uncertainty were developed, such as introducing conservation equations and
taking advantage of the uncertainty evaluations on the cumulative FY to generate
covariance matrices from the available data as reported in [51]. These methods are
not applied in this work and the raw uncertainty data of IFY are propagated. The
only normalization procedure applied was on the sum of all the independent fission
yields that must be equal to the fragments of the fission, that is slightly greater
than two if ternary fission events are accounted.
The output uncertainties of the EoI nuclide concentrations are presented in Fig. 8.5
and the perturbed IFY comes from JEFF-3.3 NDL The uncertainties on actinides

Figure 8.5: Fission products concentration uncertainty at EoI coming from
neutron fission product yields uncertainty propagation. Divided in volatiles and
decay heat contributors.

are negligible since NFPY data do not interact with their production/depletion,
while they have a higher impact on the other observables. The production of a
nuclide through fission is linearly dependent on its fission yield when there are no
other production mechanisms involved, such as the decay of other fission products
or neutron captures. On the contrary most of the nuclides investigated are both
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produced by fission and decay of other short lived fission products, which implies
the uncertainty of a target nuclide is sensitive to the uncertainty on its own fission
yields and all the fission products decaying in it.
The uncertainty on 134Cs, that is not a direct fission product, comes from the
uncertainty of his parent 133Cs. The latter has a very small independent fission
yield but it is the stable end of chain of the A=133 β− decay line so its uncertainty
is determined by all the nuclides in the chain and it explains why 134Cs, 133Xe (
t 1

2
= 5.247 d) and 133I ( t 1

2
= 20.87 h) show the same level of uncertainty. The

interaction among the FP involved in the chain is clarified by Fig. 8.6, that shows
the correlation among the fission products concentrations. The correlation matrix

Figure 8.6: Correlation matrix among nuclides contributing to the uncertainty of
134Cs

measures how much the population of an item is explained by another one in the
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list. The reaction chain analyzed in the following:
133Sb

β−−→ 133Te
β−−→ 133I

β−−→ 133Xe
β−−→ 133Cs

(n,γ)−−−→ 134Cs.

132I ( t 1
2

= 2.295 h) and 132Xe (stable) are added to demonstrate they are not
relevant in the production of 133I and 133Xe by capture and in fact they show null
correlation. On the contrary there is full correlation in the chain between 134Cs and
133I, i.e. all the uncertainty comes from this fission product. In turn 133I is both
directly produced by fission and partly comes form 133Te ( t 1

2
= 12.45 min) decay

as witnessed by their cross-correlation of 0.8. The same conclusion, in a qualitative
way can be drawn looking at the mismatch between independent and cumulative
fission yield of each couple of nuclides.
137Cs is a concerning volatile nuclide and it is bond to 137mBa, contributing to
decay heat at 3 y of decay; its uncertainty is due to its own fission yield and the
one of 137Xe ( t 1

2
= 3.818 min) and 137I ( t 1

2
= 24.51 s), which contribute to its

production. 3H shows the largest uncertainty among the subset of fission products
considered. It is around 10% and it is only induced by the uncertainty of its fission
yield. Amongst krypton isotopes the one showing largest uncertainty is 91Kr and it
mainly comes from its NFPY uncertainty since there is a low mismatch between
the independent and cumulative fission yield.
The uncertainty of 133Xe and its origin was already discussed while commenting
Fig. 8.6; it is the xenon isotope with lower standard deviation around 4% while
135mXe ( t 1

2
= 15.3 min), 139Xe ( t 1

2
= 39.69 s) and 140Xe ( t 1

2
= 13.6 s) have the

largest uncertainty around 8%. The first mainly comes from β decay of other fission
products while the last two have quite high yield and are direct fission product, so
their uncertainty derives from their own NFPY data.

The NFPY uncertainties in form of standard deviation are propagated and they
produce a non-negligible uncertainty on the concentrations of the fission products.
The uncertainty associated to the volatile nuclides and decay heat contributors is
between 5 and 10%.

Even though all the contributors to decay heat exhibit uncertainties of approxi-
mately 6%, their impact on the overall uncertainty of decay heat is explored in the
subsequent section.

8.2 Uncertainty on decay heat
The envelope decay heat in the core model at equilibrium was discussed and esti-
mated in Sect. 6.3. Fuel assemblies with different burnup convey the largest value
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at different decay time and the contribution of the nuclide species more relevant
for decay heat is established as function of time.
In this section the uncertainty on the decay heat as function of decay time is esti-
mated. The sources of uncertainty considered in this analysis are those introduced
in the previous section. The objective here is to comprehend how the uncertainties
of individual nuclides combine to form the overall uncertainty of an integrated
quantity like decay heat.

Uncertainty on decay heat evolution provided by most irradiated assembly
A first result presented in Fig. 8.7 shows the evolution of decay heat uncertainty

Figure 8.7: Decay heat uncertainty evolution from cross section and fission yield
uncertainty propagation. A decay time up to 70 years is considered.

for a fuel assembly being irradiated for 18 cycles, that gives the largest contribution
in the long term. The FPs relevant for decay heat are not affected by cross section
uncertainties but they have large uncertainty coming from NFPY since they are pro-
duced directly by fission or by primary fission products decay . This phenomenon is
demonstrated by the plot since the decay heat uncertainty is dominated by NFPY
uncertainty in the short term, when fission products are relevant. For longer decay
time, the major contributors are actinides, 242Cm up to 2 years followed by 238Pu
and 241Am. The cross section uncertainties of these nuclides explain the evolution
of decay heat uncertainty determined by XS propagated from different NDL, that
were already commented in the previous section. Conservative estimations are
provided by JENDL-4.0u that gives larger uncertainty estimation of 242Cm, 238Pu
and 241Am concentrations. JEFF-3.3 gives the largest uncertainty in the last part
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of the transient. The peak uncertainty estimated is around 1.75% between 5 and
200 days after discharge and it is provided propagating the cross sections from
JENDL-4.0u.

The total decay heat uncertainty quantification is performed propagating cross
section and NFPY at the same time and considering both the least and most
irradiated assembly that convey the largest decay heat respectively for short and
long decay periods. JEFF-3.3 sampled nuclear data are employed to generate
perturbed input files.
The decay heat uncertainty of the most irradiated assembly is expected to be the
quadratic sum of the two effects (cross section and NFPY) considered separately
if the two mechanisms are independent; the mathematical formulation is written
down in eq. (8.1).

uglobal =
ñ

u2
xs + u2

nfpy (8.1)

The two approaches do not provide a significant difference on the uncertainty evolu-
tion, therefore the methodologies are equivalent and there is negligible interaction
between the uncertainties conveyed by cross sections and NFPY, so that the effects
on the decay heat are independent.

The uncertainty quantification of the decay heat of the fuel assembly irradiated
for one cycle is performed, since it provides the envelope decay heat in the short
decay period after discharge. The uncertainty propagation is carried out propa-
gating both cross sections and fission yields from JEFF-3.3 and the outcome is
shown in Fig. 8.8. In the short term in the assembly irradiated one cycle shows
the largest uncertainty as well as the largest decay heat. For longer time scales the
uncertainty of the 18 cycles irradiated FA is larger. This phenomenon is related
to the uncertainty of the main contributors that can vary with burnup, as for
plutonium isotopes (Fig. 8.2) and to the different sensitivity of the decay heat to
certain nuclides. The uncertainty will increase if a nuclide with large uncertainty is
more relevant for the decay heat at a specific decay time. The correlation evolution,
the dashed curve in Fig. 8.8, gives an indication on how much the decay heat
uncertainty in the two cases comes from the same source . For example in the long
term decay heat is given by 238Pu and 241Am: this takes place both in the fuel
assembly irradiated for 1 and 18 cycle and this implies high correlation, although
at the same time the resulting uncertainty is quite different since it increases with
burnup for the two nuclides. Therefore the resulting uncertainty after 1 cycle is
much lower.
Similar conclusions can be drawn on the high correlation from the beginning
of the transient up to one day of decay. In this interval of time, decay heat is
dominated by the short lived nuclides produced in the same way in the first and
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Figure 8.8: Decay heat uncertainty evolution of a fuel assembly irradiated for 1
and 18 cycles. Brown line shows the correlation between the two cases.

last irradiation cycle (even if in different amount). The phenomenon brings to
high level of correlation in the time interval. Lower correlation is observed in the
intermediate decay time and it suggests that uncertainty is associated to different
nuclides. The analysis could be expanded to consider all fuel assembly batches
with intermediate burnup level. Even though it’s expected that they will exhibit
intermediate behavior compared to the least and most irradiated fuel assemblies, a
comprehensive analysis of these intermediate cases can provide valuable insights
into the how the various factors affect the decay heat uncertainty.

The uncertainty on decay heat coming from nuclear data is established for a fuel
assembly irradiated for one and 18 cycles, that provide the largest decay heat in
the short and long cooling time, respectively. The uncertainty is larger, up to
2.5%, for the FA irradiated for one cycle in the short term and then it reduces to
almost zero. The uncertainty in the most irradiated fuel assembly is between 1
and 1.5% for the entire transient considered.
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Chapter 9

Conclusions

The work presented in this thesis has the purpose to provide updated values for
MYRRHA source term in the fuel and LBE, that are of main importance for safety
related studies in the framework of the pre-licensing phase of MYRRHA. Source
term analysed comprises the nuclide vector (of volatile nuclides and actinides),
activity and decay heat.

LBE source term
The activation and spallation products generated by irradiating lead-bismuth
eutectic (LBE) starting from the reference composition have been determined. This
study focuses on the spallation target assembly, which experiences harsh conditions
in terms of particle fluence. The activity of the selected nuclides was of primary
importance, and their evolution was tracked for the entire 40-year irradiation period,
followed by a decay time of 70 years.
The main contributors to this activity are 3H, 197Hg, and 210Po, with spallation
target assembly (STA) activities of 2.8e15, 1.1e15, and 8e14 Bq, respectively, out of
a total activity of 6.3e16 Bq. The decay heat is primarily dominated by 210Po for
the first year of decay and 207Bi for the entire 70-year observation period. Further
division of the irradiation zone reveals the impact of spectral homogenization on the
nuclide inventory output. Deviations of up to 50% were observed for the selected
nuclides. Most of them are underestimated in the homogeneous approach, except
for 210Po, which is exclusively produced by neutron-induced reactions.
Expanding the scope of this work beyond the spallation target assembly to consider
the entire core and reactor would allow for a global assessment of the impact of
homogenization and an evaluation of the overall production of specific nuclides
during irradiation. Additionally, a thorough investigation should be conducted to
validate the assumption of employing fixed fluxes in the procedure applied in this
work.

Fuel source term
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The output of the equilibrium core is analysed to take out the nuclide inventory
in every fuel batch. The buildup of volatiles suggests they can be divided in two
categories based on the half life:

• short lived nuclides that reach the peak concentration in the first irradiation
cycle because of the higher fluxes, since the fuel assembly is irradiated in the
core center (position 101);

• relatively long lived nuclides that build up during irradiation and reach the
maximum concentration at EoI, before discharge.

Overall, the short lived production is maximized in the sub-critical configuration
since the fluxes near to the spallation target are higher. The long lived reach a
higher concentration in critical condition since FAs are reshuffled in more positions
before being unloaded and the cumulative burnup is higher.
Derived quantities such as activity and decay heat are analysed. It is done assuming
to unload all the FAs from the core at the same time and let them decay for a
prescribed period. In this way the FA contributing the most to activity/decay heat
at each decay time is defined. What is observed is that the assembly irradiated for
only one cycle conveys the greatest activity/decay heat at the beginning of decay
up to 14/30 days while the most irradiated assemblies are the most contributing
after around 2 years of decay. This phenomenon is due to the fact that the short
lived nuclides (conveying activity/decay heat in the short period) are overproduced
in the fresh FA irradiated in the core center while the long lived fission products
and actinides are proportional to the the cumulative burnup.

Fuel assembly models
The fuel assembly models are developed to carry out further analysis because they
provide flexibility and lower the computational cost. The limits of the modeling
approach are investigated and the comparison with the reference core model was
carried out on the nuclide inventory, showing deviations up to 40% for minor
actinides. On the contrary, good agreement is found between 2D and 3D fuel
assembly models. The influence of axial burnup is limited and it amounts to
maximum 4% discrepancy in 246Cm inventory. The deviations are induced by the
spectral differences between core and fuel assembly model and this phenomenon
is relevant, in particular for fast spectrum reactors, therefore it should be more
investigated and understood to improve the quality of the surrogate FA models of
MYRRHA and other liquid metal cooled reactors.

Uncertainty analysis
The main goal of the FA model is to perform uncertainty analysis. The sources of
uncertainty studied are nuclear data; cross section from JEFF-3.3, ENDF/B-VIII.0
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and JENDL-4.0u and neutron fission product yields from JEFF-3.3 are propagated
to assess the uncertainties of the outputs, such as nuclide inventory and decay heat.
Actinides concentration uncertainty comes from cross sections. It is lower than
2.5% for plutonium isotopes and it tends to linearly increase with burnup. The
uncertainty on americium isotopes and 242Cm ranges between 1 and 10% and it
is conservatively estimated by JENDL-4.0u while it is strongly underestimated
by JEFF-3.3, since uncertainty data for 241Am and 242mAm are not propagated.
Largest uncertainty of around 60% is found for 246Cm.
Relevant fission products, divided in volatiles and decay heat contributors are not
sensitive to cross sections variations. Their uncertainty is mainly due to NFPY
and it ranges from 5 to 10% depending on the actual input uncertainty. 134Cs
is sensitive both to cross section and NFPY uncertainty since it is produced by
neutron capture in 133Cs that in turn is generated by the decay of fission products.
The uncertainty in decay heat varies depending on the decay time, and it also differs
when considering a fuel assembly irradiated for 1 cycle compared to one irradiated
for 18 cycles. It is dependant on the uncertainty of the main contributors, that
changes with the decay time. The correlation between the decay heat of the FA
irradiated for 1 and 18 cycles shows, as function of decay time, how the uncertainty
apportions to the two systems. It is almost 100% at the beginning of the transient
since in both cases decay heat is provided by the same short lived nuclides and
between 3 and 70 years when decay heat is dominated by 238Pu and 241Am.
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Appendix A

Tritium production in the
fuel

The production of 3H in FA model, that mimics the critical configuration of
MYRRHA core comes mainly from ternary fission reactions, a rare phenomenon
as witnessed by tritium independent fission yield, that is around to 1.4e − 4.
Nevertheless this brings to a non-negligible production of 3H building up in the
core up to a concentration at discharge of 7.9e − 07 g/cm3. A deeper investigation
on its buildup, comparing critical and sub-critical configuration, Fig. A.1, shows an
increase in the production during the first irradiation cycle, when the assembly is
in position 101 (near to the spallation target). The sub-critical spectrum comprises
a high energy region up to 600 MeV. There are threshold reactions becoming
important above the fission energy (20 MeV) contributing to tritium buildup.
However the mechanism is much more effective when the fuel assembly is in the
central part of the core since high energy tail sharply reduces moving further from
the spallation target.
The most relevant reaction happens in the oxygen contained in the MOX and it
produces more than half of 3H in the first cycle. In the following cycles the offset
in the buildup among critical and sub-critical stays almost constant demonstrating
that the relevance of the high energy tail progressively reduces. At discharge the
concentration ratio sub-critical/critical is around 10% with respect to more than
100% when considering only the central position.
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Figure A.1: Tritium production in critical/sub-critical configuration. Top:
buildup during irradiation normalized to critical discharge concentration. Bottom:
tritium production in the first cycle split by major contributors.
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Appendix B

Nuclear data uncertainty

In this section additional information are given on the work carried out to produce
perturbed nuclear data files.

B.1 Cross sections
Perturbation of cross section is carried out extracting the multi-group cross sections
and covariance matrices from the ENDF-6 file by means of NJOY nuclear data
processing code. The perturbations coefficients are generated accordingly and
applied to the best estimate evaluations. SANDY code automatizes the procedure
so that the user can obtain the required perturbed data in the form of ENDF-6
or ACE file just identifying the nuclide of interest and the additional option to
customize the output.
The production of the samples used for the thesis is used as a test to check potential
bugs in the pipeline. A complete set of samples is produced for JEFF-3.3 and
ENDF/B-VIII.0 containing all the nuclides with available covariance matrix. Some
nuclides, despite having uncertainty information, were not processed because of
some issues in the pipeline. The nuclides perturbed are listed in Tab. B.1, B.2 for
JEFF-3.3 and ENDF/B-VIII.0 respectively. The nuclides having covariance matrix
in JEFF-3.3 but not perturbed are:

• 9Be, whose covariance matrix file is not processable by NJOY.

• 241Am, whose covariance data are available in JEFF-3.3 but they are stored
in the wrong location that makes difficult the procedure to extract, process
the covariance data and to generate the perturbation coefficients.

The nuclides having covariance matrix in ENDF/B-VIII.0 for which the perturbation
coefficients were not generated for issues in the procedure are 40Ca, 54Fe, 182W,
183W, 184W, 186W. Most of the effort was devoted to fix the sampling procedure
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for JEFF-3.3 library and the lack of these samples in ENDF/B-VIII.0 was not
investigated. Moreover the nuclides not perturbed do not affect the outcome of
this work and their lack is negligible for the purpose of our analysis.
As regard the perturbed data of JENDL-4.0u there are a lot of covariance matrices
missing for fission products. In this case only a set of actinides cross section
was perturbed while the effect of FPs was not taken into account. The actinides
perturbed are listed in Tab. B.3.

B.2 Neutron fission product yields
The fission yields in evaluated nuclear data libraries are not given with the respective
covariance data and the piece of information on their uncertainty resides in their
variance. The possibility to generate covariance matrices for NFPY is investigated
in [51], introducing physical constraints and applying the GLS method. The
objective is to reduce the uncertainty associated to independent fission yields that
is usually higher with respect to the variance of the cumulative since they are
estimated through semi-empirical mode instead of direct measurements that are
not possible for short lived FPs. In this work this methodology is not applied and
the perturbed data are generated directly taking the best estimate value and the
respective variance of the independent fission yield. From this piece of information
the samples are created from a mono-dimensional normal distribution. The only
constraint applied is on the normalization of the IFY. The fission yields represent
the probability of generating a certain fission product during a fission event. Since
in the majority of events two fission products are generated the probabilities sum up
to two. The samples generated are normalized on the actual sum of the independent
fission yields, that is slightly greater since it takes into account ternary reactions
(in JEFF-3.3).

B.3 Convergence analysis
The choice of the number of sample to take to perform statistical sampling is not
trivial and impact on how much the samples are representative of the distribution
chosen, in this case the normal distribution. A set of the 200 samples of per-
turbed cross sections for JEFF-3.3, ENDF/B-VIII.0 and JENDL-4.0u and a set 200
samples of perturbed neutron fission product yields given by JEFF-3.3 were pro-
duced. A first analysis was carried out on the perturbation coefficients produced by
means of statistical sampling to validate the approach and qualitatively assess the
normality of the samples. The result of this analysis is shown in Fig. 2.1, Sect. 2.3.2

The convergence of the outputs is verified looking at the discharge concentration
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of relevant nuclides slow to converge, such as 244Cm when propagating cross section
and 134Cs when considering fission yields.
The convergence of both mean value and standard deviation as function of the

Figure B.1: Convergence of the mean and standard deviation of the discharge
concentration of 244Cm with the number of cross section samples.

Figure B.2: Convergence of the mean and standard deviation of the discharge
concentration of 134Cs with the number of neutron fission product yields samples.

number of samples is verified and it qualitatively proves that 200 samples are
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enough to converge to the actual best estimate produced in the non-perturbed
simulation and to a certain output standard deviation. To show this trend the
results are normalized on the best prediction of the mean and standard deviation,
the one obtained with 200 samples.

Table B.1: Nuclides of which cross sections data are perturbed in JEFF-3.3

1H 38Ar 55Fe 71As 89Y 105Pd 127Xe 155Eu 175Lu 193Ir 232Pa
2H 39Ar 56Fe 72As 90Y 106Pd 131Xe 148Gd 176Lu 190Pt 232U
6Li 41Ar 57Fe 73As 91Y 107Pd 132Xe 149Gd 177Lu 191Pt 233U
7Li 39K 58Fe 74As 88Zr 108Pd 134Xe 150Gd 174Hf 192Pt 234U
10B 40K 59Fe 75As 89Zr 110Pd 135mXe 151Gd 175Hf 193Pt 235U
11B 41K 60Fe 76As 90Zr 106mAg 133Cs 152Gd 176Hf 194Pt 238U
12C 40Ca 56Co 77As 91Zr 107Ag 134Cs 153Gd 177Hf 195Pt 235Np
13C 41Ca 57Co 74Se 92Zr 108Ag 136Cs 154Gd 178Hf 196Pt 236Np
15N 42Ca 58Co 75Se 93Zr 110Ag 137Cs 161Gd 179Hf 198Pt 237Np
16O 43Ca 58mCo 76Se 94Zr 111Ag 131Ba 158Tb 180Hf 197Au 239Np
17O 44Ca 59Co 77Se 95Zr 109Cd 133Ba 160Tb 181Hf 198Hg 236Pu
18O 45Ca 60Co 78Se 96Zr 114In 139Ba 156Dy 182Hf 199Hg 238Pu
19F 46Ca 62mCo 79Se 91Nb 121Sn 140Ba 158Dy 179Ta 200Hg 239Pu
20Ne 47Ca 56Ni 80Se 92Nb 122Sn 137La 159Dy 180mTa 201Hg 240Pu
21Ne 48Ca 57Ni 82Se 93Nb 123Sn 138La 160Dy 182Ta 202Hg 241Pu
22Ne 44Sc 58Ni 77Br 94mNb 124Sn 139La 164Dy 180W 203Hg 246Pu
22Na 45Sc 59Ni 79Br 93Mo 125Sn 140La 165Dy 181W 202Tl 243Am
23Na 46Sc 60Ni 81Br 95Mo 126Sn 136Ce 163Ho 182W 203Tl 244Am
24Mg 47Sc 62Ni 82Br 99Mo 122Sb 137Ce 166mHo 183W 204Tl 244mAm
25Mg 48Sc 63Ni 78Kr 96Tc 124Sb 138Ce 166Er 184W 205Tl 240Cm
26Mg 44Ti 66Ni 80Kr 97Tc 125Sb 139Ce 167Er 185W 204Pb 241Cm
27Mg 46Ti 63Cu 82Kr 98Tc 126Sb 140Ce 168Er 186W 205Pb 242Cm
26Al 47Ti 64Cu 83Kr 96Ru 127Sb 141Ce 169Er 188W 206Pb 243Cm
27Al 48Ti 65Cu 84Kr 97Ru 120Te 143Ce 170Er 185Re 207Pb 244Cm
28Si 49Ti 66Cu 85Kr 98Ru 121Te 141Pr 171Er 186Re 208Pb 245Cm
29Si 50Ti 67Cu 86Kr 99Ru 122Te 142Pr 172Er 187Re 208Bi 246Cm
30Si 48V 64Zn 85Rb 100Ru 123Te 142Nd 169Tm 188Re 209Bi 247Cm
31Si 49V 65Zn 86Rb 101Ru 124Te 143Nd 170Tm 184Os 210Bi 248Cm
32Si 50V 66Zn 87Rb 102Ru 125Te 145Nd 171Tm 185Os 208Po 249Cm
31P 51V 67Zn 88Rb 103Ru 126Te 146Nd 168Yb 186Os 209Po 250Cm
32P 50Cr 68Zn 83Sr 104Ru 127mTe 150Nd 169Yb 187Os 226Ra 247Bk
33P 51Cr 70Zn 84Sr 106Ru 128Te 148mPm 170Yb 188Os 225Ac 249Bk
32S 52Cr 67Ga 85Sr 99Rh 129mTe 145Sm 171Yb 189Os 226Ac 250Bk
33S 53Cr 69Ga 86Sr 101Rh 130Te 146Sm 172Yb 190Os 227Ac 249Cf
34S 54Cr 71Ga 87Sr 102Rh 131mTe 147Sm 173Yb 191Os 227Th 250Cf
35S 52Mn 70Ge 88Sr 103Rh 132Te 149Sm 174Yb 192Os 228Th 253Cf
36S 53Mn 72Ge 89Sr 104Rh 126I 150Sm 175Yb 193Os 229Th 254Cf
36Cl 54Mn 73Ge 90Sr 105Rh 128I 151Sm 176Yb 190Ir 232Th 253Es
36Ar 55Mn 74Ge 87Y 102Pd 124Xe 152Sm 173Lu 191Ir 233Th 254Es
37Ar 54Fe 76Ge 88Y 103Pd 126Xe 152mEu 174Lu 192Ir 234Th 255Es
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Table B.2: Nuclides of which cross sections data are perturbed in ENDF/B-VIII.0

1H 26Mg 55Mn 96Mo 129I 152Sm 193Ir 210Po 235U 242mAm 248Cf
2H 27Al 55Fe 97Mo 131Xe 153Eu 190Pt 225Ac 236U 243Am 249Cf
4He 28Si 56Fe 98Mo 132Xe 155Eu 191Pt 226Ac 238U 240Cm 250Cf
6Li 29Si 58Ni 100Mo 134Xe 152Gd 192Pt 227Ac 234Np 241Cm 251Cf
7Li 30Si 60Ni 98Tc 133Cs 153Gd 193Pt 227Th 235Np 242Cm 252Cf
7Be 37Ar 75Se 99Tc 135Cs 154Gd 194Pt 228Th 236Np 243Cm 253Cf
9Be 41Ar 81Kr 97Ru 139La 155Gd 195Pt 229Th 237Np 244Cm 254Cf
10B 41K 89Y 101Ru 141Ce 156Gd 196Pt 230Th 238Np 245Cm 251Es
11B 45Ca 90Zr 102Ru 141Pr 157Gd 197Pt 231Th 239Np 246Cm 252Es
12C 47Ca 91Zr 103Ru 143Nd 158Gd 198Pt 232Th 236Pu 247Cm 253Es
13C 46Ti 92Zr 104Ru 145Nd 160Gd 197Au 233Th 237Pu 248Cm 254Es
15N 47Ti 93Zr 106Ru 146Nd 166Er 203Hg 234Th 238Pu 249Cm 254mEs
16O 48Ti 94Zr 103Rh 148Nd 167Er 204Tl 229Pa 239Pu 250Cm 255Es
19F 49Ti 95Zr 105Pd 143Pm 168Er 204Pb 230Pa 240Pu 245Bk 255Fm
20Ne 50Ti 96Zr 106Pd 144Pm 170Er 205Pb 232Pa 241Pu 246Bk
21Ne 50Cr 95Nb 107Pd 145Pm 169Tm 206Pb 230U 242Pu 247Bk
22Ne 51Cr 92Mo 108Pd 147Pm 180W 207Pb 231U 244Pu 248Bk
23Na 52Cr 93Mo 109Ag 145Sm 191Os 208Pb 232U 246Pu 249Bk
24Mg 53Cr 94Mo 109Cd 149Sm 191Ir 209Bi 233U 240Am 250Bk
25Mg 54Mn 95Mo 127I 151Sm 192Ir 208Po 234U 241Am 246Cf

Table B.3: Actinides of which cross section data are perturbed in JENDL-4.0u

234U 237U 238Np 239Pu 242Pu 242Am 244Am 243Cm 246Cm
235U 238U 239Np 240Pu 244Pu 242mAm 244mAm 244Cm
236U 237Np 238Pu 241Pu 241Am 243Am 242Cm 245Cm
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