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Abstract

The qualification of computational tools for nuclear reactor design requires rigorous
verification, validation, and uncertainty quantification. Validation and uncertainty
quantification depend on the availability of experimental databases. While for
traditional technologies the long operational experience has provided abundant
and well-documented measurements, in the context of Lead-cooled Fast Reactors
(LFRs), where such data remain limited, international benchmark projects may
play an essential role. This work focuses on the uncertainty quantification to
support the qualification of the MCNP Monte Carlo code for LFR applications,
with specific reference to the ALFRED demonstrator.

During this PhD project, a set of experiments representative of ALFRED was
carefully selected from the International Handbook of Evaluated Reactor Physics
Benchmark Experiments (IRPhE) maintained by OECD-NEA, and then simulated
to evaluate the MCNP accuracy in computing the criticality and reactivity effects,
including the effective multiplication factor, control rod worth, sodium void reac-
tivity, and isothermal temperature coefficient.

A dedicated Python-based framework was developed to perform post-processing,
uncertainty propagation, and data assimilation. The uncertainty quantification is
based on the use of sensitivity coefficients, which were calculated by MCNP with
respect to the nuclide cross sections and subsequently combined with the covari-
ance matrix to propagate nuclear data uncertainties. In addition, the Generalized
Linear Least Squares (GLLS) data assimilation tool was implemented to evaluate
the potential improvements of integrating experimental information to obtain a
more accurate prediction for the ALFRED keff estimation. Both methodologies
were thoroughly verified by comparing results from a test case with TSUNAMI-
IP, a package from the SCALE code, and with the NEA SG11 intercomparison
exercise.

Overall, the developed post-processing and data analysis framework provides a
flexible and rigorous tool for quantifying the impact of nuclear data uncertainties
on several reactivity parameters obtained from MCNP simulations and for updat-



ing model predictions through data assimilation with available measurements.

The results demonstrate good agreement with experimental data, in most cases
falling within one standard deviation of total uncertainty. Nuclear data were iden-
tified as the dominant uncertainty source across all cases, while statistical contri-
butions were generally negligible. The results of the GLLS analyses also revealed
the potential for a significant improvement in the evaluation accuracy that could
be obtained through nuclear data adjustment. This opportunity clearly suggests
further investigations to extend the scope and confirm the preliminary results here
reported before inclusion in a validation dossier.
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Chapter 1

Introduction

1.1 General Context - Nuclear Power landscape

In the last decade, global energy demand grew at a 1.3% annual average rate,
while in 2024, it accelerated to a 2.2% growth rate. Electricity demand grew
more rapidly than energy demand itself, increasing by 3.2% in 2024 [1]. These
trends reflect the expansion of electricity use in various sectors, from data centers
and artificial intelligence applications to the electrification of end-uses and the
increasing use of air conditioning, especially in areas affected by heatwaves more
frequently than in recent decades [2]. On the other hand, environmental pollution
and climate change clearly underscore the need to mitigate human impact on
global warming and foster the energy transition from fossil fuel sources to more
sustainable solutions in the coming decades. Both conditions result in the necessity
to deploy more low-carbon sources, such as nuclear power [3].

Historically, nuclear energy has avoided around 70 billion tonnes of CO2 emis-
sions [2] and continues to play a crucial role in providing low-carbon electricity [4,
5]. Currently, there are over 400 nuclear reactors in operation and more than
50 under construction [6] in around 30 countries. This renewed commitment to
nuclear power expansion reflects a global recognition of nuclear as an essential com-
ponent to mitigate greenhouse gas emissions and thus meet climate goals [2, 7].
Besides its low-carbon, high-density, and reliability features, as a programmable
generation source, nuclear power will be fundamental to support the increasing
shares of variable renewable sources, such as solar and wind power [8].

As shown in Figure 1.1, between 2017 and 2024, 52 nuclear reactors began con-
struction. Nuclear market leadership has shifted away from advanced economies
towards China and Russia. Table 1.3 presents the reactors under construction.
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Figure 1.1: Nuclear power plant construction starts by national origin of technology
(2017-2024). Data from [9].

The majority of these reactors are of Chinese design, followed by Russian designs.
India, Egypt, Turkey, Bangladesh, and Ukraine are using Russian designs, making
Russia the leading exporter of nuclear technology, with a total of 23 GW of reactor
capacity under construction in six countries (another four reactors with a capacity
of 4 GW are being built domestically). On the other side, reactors under con-
struction in Japan, Korea, the United Kingdom, and Brazil are based on domestic
designs or those from other advanced economies [9].

As countries seek to meet the growing demand for electricity while also addressing
climate objectives, the deployment of Generation III+ reactor designs has become
the most common choice [10]. However, when considering 2050 net-zero goals, the
advanced designs of the Generation IV reactors are seen as a strategic response to
future challenges [11]. These next-generation reactors offer enhanced safety, im-
proved fuel efficiency, and scalability, making them increasingly attractive options.
They are well-suited to provide continuous power, manage peak load demands, and
support the integration of renewable energy sources. Additionally, they can pro-
vide reliable capacity and ancillary services that stabilize the grid when the output
from wind and solar sources fluctuates.
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Table 1.1: Nuclear Reactors Under Construction by Country (Net Electrical Capacity
and Number of Reactors) in 2025 [10]

Country Net Electrical Ca-
pacity [GWe]

Number of Reactors

China 30.85 29
India 4.77 6
Egypt 4.40 4
Russia 3.85 4
Türkiye 4.46 4
Bangladesh 2.16 2
Japan 2.65 2
Korea, Republic of 2.68 2
Ukraine 2.07 2
United Kingdom 3.26 2
Argentina 0.03 1
Brazil 1.34 1
Iran, Islamic Republic of 0.97 1
Pakistan 1.12 1
Slovakia 0.44 1

Total 65.04 62
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1.2 Generation IV International Forum and Lead-
cooled Fast Reactors

The GIF is a collaborative initiative established to outline the path for develop-
ing advanced nuclear reactors that offer significant performance advantages over
existing systems. This international effort began with the preparation of the Gen-
eration IV Technology Roadmap in 2002 [12] by the U.S. Department of Energy
(DOE) Nuclear Energy Research Advisory Committee (NERAC) and the GIF it-
self, which was further updated in 2014 [13]. The Roadmap defined challenging
design goals for advanced reactor systems based on four pillars: Sustainability,
Economics, Safety and reliability, and Proliferation resistance and physical protec-
tion.

Moreover, the Roadmap identified six technologies for reactor systems to achieve
these goals and thereby enhance the future role of nuclear energy. These reactor
technologies are the Molten Salt Reactor (MSR), the Supercritical Water Reac-
tor (SCWR), the Very High Temperature Reactor (VHTR), the Gas-cooled Fast
Reactor (GFR), the Sodium-cooled Fast Reactor (SFR), and the LFR [14].

LFRs are fast-spectrum reactors that use liquid lead or lead-bismuth eutectic
(LBE) alloy as coolant. Figure 1.2 presents a schematic representation of an LFR
reactor.

14
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Figure 1.2: Scheme of LFR reactor [13].

The neutronic properties of lead, specifically its low neutron absorption and moder-
ation, are among the crucial advantages that enable LFRs to achieve the ambitious
GIF goals [15]. The LFR characteristics that align with the GIF objectives are
briefly outlined below.

• Sustainability: The low neutron moderation enables LFRs to sustain a
hard neutron energy spectrum, providing good neutron economy and perfor-
mance flexibility. This characteristic is fundamental for the LFR’s ability to
efficiently breed new fissile material or consume transuranic elements, hence
maximizing fuel utilization and reducing waste volume and radioactivity.

• Economics: The practical chemical inertness of lead (notably, with water)
eliminates the need for an intermediate heat transfer loop and overall allows
for design simplifications, while the high boiling point avoids a high-pressure
system [16, 17]. LFRs can operate at moderately high temperatures (e.g.,

15
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320–480°C for SUMMER [18], 510°C for Westinghouse DLFR [17], 400-550°C
for SEALER-One [19]), leading to high thermodynamic efficiencies (often ex-
ceeding 40% [16]). Both the simplified design and high efficiency performance
make the technology economically competitive.

• Safety and Reliability: The favorable neutronic characteristics of lead
allow for larger pin pitches and this design choice offers multiple safety ad-
vantages. The larger spacing results in low core pressure loss, significantly
improving the natural circulation capability of the coolant in the primary cir-
cuit. This strong natural circulation is a cornerstone of LFR passive safety,
enabling effective decay heat removal even without off-site or on-site backup
power, making the system resilient to loss of flow accidents, even in ultimate
(e.g., unprotected) conditions. It also reduces the risk of flow blockage. In
addition, the extremely high boiling point of lead (1749°C) reduces the risk
of core voiding [16, 18]. Ultimately, the neutronic properties of lead also
allow for designing the LFR core with a small reactivity margin, easing the
prevention of uncontrolled power increases [17].

• Proliferation Resistance and Physical Protection: These features can
be enhanced by maintaining a hard neutron spectrum that supports self-
sustaining cycles and allows for a longer core life, thereby reducing the fre-
quency of handling operations [16].

In contrast to sodium-cooled fast reactors [20], LFRs do not present the risk of
explosion in the event of contact between water/air and the coolant, so it avoids
the need for an intermediate heat exchanger between the primary and secondary
circuits [16]. Currently, the coolant temperature at the core exit is designed to be
between ∼480°C (for bare steels) and ∼530°C (for coated steels) due to material
limitations in corrosion resistance, although it is anticipated that in the future it
could be in the region between 750-880°C. The expected efficiency of the secondary
cycle for the LFR system is at least 42% [21], higher than that of thermal reactors
used to date.

Table 1.2 introduces the main characteristics of the three systems selected as ref-
erence in the LFR provisional system steering committe of GIF for the Gen IV
LFR concepts: the European Lead Fast Reactor (ELFR), a reference commer-
cial reactor with a capacity of 600 MWe [16]; the Russian BREST-OD-300, a 300
MWe system of intermediate size [22]; and the US Small Secure Transportable
Autonomous Reactor (SSTAR), a small system of 10-100 MWe size with a very
long core life [23].
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Table 1.2: Key design parameters of the GIF lead-cooled fast reactor reference sys-
tems [24]

Parameters ELFR BREST SSTAR

Core power (MWth) 1500 700 45
Electrical power (MWe) 600 300 20
Primary system type Pool Pool Pool
Core inlet temp. (°C) 400 420 420
Core outlet temp. (°C) 480 535 567
Secondary cycle Superheated steam Water steam Supercritical CO2

Net efficiency (%) 42 42 44
Turbine inlet pressure (bar) 180 170 200
Feedwater temp. (°C) 335 340 402
Turbine inlet temp. (°C) 450 505 553

The GIF member countries that participate in the memorandum of understanding
for collaboration on LFR R&D are Euratom, the United States, China, Japan,
South Korea, and Russia. Table 1.3 introduces the LFR projects under devel-
opment in the GIF countries. A brief summary of the main ongoing design is
presented in the following paragraphs, divided by geographical area.

Russia
The most advanced LFR design is the BREST-OD-300, a pilot demonstration
prototype for a commercial reactor with a closed fuel cycle. In February 2021, the
developed design was licensed by Rosatom [25], and the construction of the power
plant started in June 2021. In 2024, the first stage of reactor vessel installation
was completed. To fulfill the license conditions, various tests were conducted,
including experiments at the BFS test facility. The assembly demonstrated good
agreement with the calculated effective multiplication factor and reactivity effects
for the BREST reactor. Other experimental data were obtained on the following
neutronics key parameters: spatial distributions of flux and reaction rates, worth
of control rods, and reactivity effects [21].

Europe
In Europe, activities related to LFR technology are conducted in four countries:
Belgium, Italy, Romania, and Sweden. Belgium, which has always been focused
on ADS LBE-cooled solutions, selected in 2022 LFR as a key technology to meet
national targets, with the national Nuclear Research Centre (SCK CEN) leading
research and demonstration activities. Moreover, Belgium is progressing in the
pre-licensing of MYRRHA (an LBE-cooled multipurpose facility for irradiation
testing and ADS demonstration) with FANC/Bel-V, the Belgian nuclear safety
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authorities [26].

Italy has been investing in LFR research since the 2000s, with Italian National
Agency for New Technologies, Energy and Sustainable Economic Development
(ENEA) and Ansaldo Nucleare playing key roles on the international stage. They
are working together on Advanced Lead-cooled Fast Reactor European Demon-
strator (ALFRED) in collaboration with the Romanian nuclear research center
RATEN-ICN, as part of the FALCON (Fostering ALFRED Construction) In-
ternational Consortium. ALFRED is a 300 MWth reactor that uses a mixture
of uranium and plutonium oxides as fuel, usually known as Mixed Oxide Fuel
(MOX), and aims to demonstrate the safety and reliability of LFR technology.
Additionally, the company newcleo is engaging since 2021 in several research and
development activities in partnership with various EU organizations to develop
two models, the LFR-AS-30 (an experimental reactor for irradiation) and the
LFR-AS-200 (the commercial system) [21]. At the same time, newcleo is working
to establish a large-scale research infrastructure in collaboration with the ENEA
Brasimone Research Centre in Italy, as well as to set up a MOX fuel factory in
France to support its commercial LFR program. Recently, the Italian government
has expressed renewed interest in nuclear technologies [27, 28, 29].

Romania, through RATEN-ICN, has been actively involved in European LFR
projects since 2010. It declared its interest in hosting ALFRED in 2011 and
subsequently joined the FALCON consortium in 2013. The country has included
ALFRED and related research infrastructures in its national strategies and is now
financing ATHENA, the largest experimental lead facility in Europe [26].

In Sweden, the company Blykalla is conducting R&D activities for the construction
of the Swedish Advanced Lead Reactor (SEALER), a 140 MWth LFR demonstra-
tor designed for commercial power production [19, 21].

Asia
The China Lead-based Reactor (CLEAR), in its 10 MWth version, was selected
for the technology development of the Gen IV LFR. The CLEAR-M10 project
aims to build a small modular energy supply system. Currently, an electrically
heated pool-type LBE-cooled facility is being used to perform experiments on
thermal-hydraulic characteristics and prototype components [30]. Other Chinese
companies and universities are also involved in LFR R&D. The research domain
varies from code development for advanced reactor design to thermal-hydraulics
and multiphysics coupled analysis.

In Japan, the Tokyo Institute of Technology continues its research on innovative
small, fast reactors that utilize lead or lead-bismuth as a coolant and employ either
natural uranium or depleted uranium in the fuel composition. In 2024, the analysis
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of this reactor from the start-up core to the equilibrium burnup state through the
transient phase was conducted using nitride fuel.

In Korea, the MicroURANUS conceptual design is being advanced towards a stan-
dard design edition [31]. This small design for maritime applications has a 20-30
MWe power rating, LBE coolant and a minimum 40-year full-power core life. As-
sessments of passive safety and the risk of steam explosions have been conducted,
along with advancements in the development and testing of new component ma-
terials.

North America
In the United States, the Massachusetts Institute of Technology and the Univer-
sity of Pittsburgh are following projects directly related to the corrosion in and
irradiation of lead and LBE coolants [32], while a third one is addressing the
compatibility and chemical interactions of uranium nitride fuel, alumina-forming
austenitic alloys, and lead coolants and sublayers. Moreover, the DOE funded two
Technology Commercialization Fund projects, which support the adaptation of the
fast reactor analysis software developed at national laboratories to meet industry
needs [33, 34, 35, 36].

Table 1.3: LFR Projects Under Development [37]

Project Name Country Power
Rating

EDD1 Fuel/Notes

ALFRED EU 300 MWth 2035–2040 MOX
ELFR EU 1500

MWth
2040–2050 MOX

G4M USA 70 MWe N/A2 UN3

MYRRHA Belgium 100 MWth 2036 MOX
PEACER South

Korea
300 MWe N/A U-TRU-Zr alloy

SEALER-55 Sweden 55 MWe End of 2020s UN
SVBR-100 Russia 100 MWe Unknown Uranium oxide,

LBE-cooled SMR
LFR-AS-30 Italy/UK/

France
90 MWth 2030 MOX, Irradiation

reactor in fast
spectrum

LFR-AS-200 Italy/UK/
France

200 MWe 2033 MOX
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1.3 ALFRED

Since the ALFRED demonstrator will serve as the reference reactor for the un-
certainty quantification of some neutronics key parameters conducted during this
study, this section provides a brief description of the core.

The European Commission co-founded the LEADER project as part of the 7 th

Framework Program, aiming to develop a conceptual design for an LFR demon-
strator. ALFRED was designed to represent a fully industrial-sized reactor [38];
however, it has lately been designated as a prototype for an LFR Small Modular
Reactor (LFR-SMR) [39]. Following the conclusion of the LEADER project, the
ALFRED design had been carried on by the FALCON International Consortium,
with ENEA serving as the coordinator of the core design activities. Concerning the
ALFRED core, the reference configuration comprises 134 Fuel Assemblies (FAs),
12 Control Rods (CRs), 4 Safety Devices (SDs), and 1 Test Assembly for material
qualification, as shown in Figure 1.3, where the 102 Dummy Assemblies (DAs)
surrounding the core are also present.

Figure 1.3: Cross-sectional view of ALFRED core map [40].

Regarding the fuel, ALFRED will carry MOX with two different plutonium en-
richment zones to flatten the power distribution. Following neutronic analyses, it
was decided to have 56 FAs with an enrichment of 20.5 wt.% in PuO1.97 in the
inner zone and 78 FAs with an enrichment of 26.2 wt.% in the outer zone [40].

1EDD = Expected Deployment Date
1N/A = Deployment date not available since it is still in the conceptual design phase
3UN = Uranium Nitride
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1.4 Licensing context for a new reactor design

There is no unified methodology for nuclear regulation and licensing, even within
the existing fleet of nuclear power plants (NPPs). The only international stan-
dards recognized to help the national safety authorities develop their own regula-
tions are the SSR-2/1 Rev. 1 (Specific Safety Requirements) [41] and the SSG-2
Rev.1 (Specific Safety Guide) [42] provided by the International Atomic Energy
Agency (IAEA). The first publication outlines criteria that are specifically rele-
vant to the design of NPPs. It also discusses the safety goals, fundamental safety
principles, and concepts that serve as the foundation for developing the safety
requirements necessary for a nuclear power plant’s design. The latter publica-
tion aims at providing guidance in the performance of deterministic analyses as
required to substantiate the safety claims on a reactor design upon its licensing,
taking due account of the current methodologies and experience from deterministic
safety analyses for NPPs conducted around the world. Both documents are kept
up to date to maintain consistency with the overall safety framework established
by the IAEA and with the state of the art, the last update having been brought
to reflect the knowledge derived from the Fukushima Daiichi accident.

Regulatory and licensing practices differ from country to country, shaped by each
nation’s laws and established procedures [43]. Regarding the criticality validation,
the U.S. Nuclear Regulatory Commission (NRC) methodology may be used as an
example [44]. Here, the criticality safety limits are established through computer-
based calculation methods and evaluated to ensure compliance with the safety
margin. In the evaluation of safety margins, uncertainties play a crucial role,
giving the confidence to the regulatory body to accept (or refuse) a reactor design
undertaking the licensing process.

Generally, best estimate codes are used for a wide range of applications, includ-
ing design, safety evaluations, and licensing. Their use in Light Water Reactors
(LWRs) is commonly acknowledged and accepted owing to the comprehensive and
well-documented qualification database accompanying them, which forms the ba-
sis for an accurate quantification of the uncertainties associated to best estimate
results. Unfortunately, innovative designs such as LFRs lack the experimental
history to compare simulations with. To prove the reliability of the modeling &
simulation tools employed in new reactor design, and assess the requested con-
fidence in their accuracy, experimental facilities sharing common characteristics
with the reference reactor can be used within the scope, as it will be described in
the following section 3.

The license of innovative designs is mandatory on the road to building the future
fleet of NPPs. Since only qualified codes can be used for the license application, this
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approval is a fundamental aspect of the process. A typical software qualification
procedure can be divided into three steps:

1. Verification

2. Validation

3. Uncertainty Quantification

possibly complemented by a fourth, Domain Transposition, if required.

Verification
Verification is a formal process made along and just downstream coding, to de-
termine whether the equations are solved correctly from both a numerical and a
computational point of view. It concerns numerical methods, algorithms, along
with their implementation, the data flow diagrams, and the architecture of the IT
software [45]. Verification may include comparing with analytical results or results
supplied by a reference code. During the verification phase, the accuracy of the
input data provided is not relevant.

Validation
Validation consists of establishing that a code can accurately simulate the physical
phenomena inside a range, which eventually becomes the validation domain of the
code. During this step, the precision of the code is evaluated with a specific set of
input data, by comparison with experimental measurements.

Uncertainty Quantification
Uncertainty quantification is the last mandatory step for qualification, and builds
on the results of validation to establish the confidence to be credited to the com-
putational results when the code is used inside of the validation domain.

Domain Transposition
If the application and validation domains do not fully overlap, the UQ results must
be transposed to the application domain to derive new confidence as required to
apply the code to the cases of interest.

Neutronic code object of the study
Regarding the neutronics analysis, one of the most widespread and reliable codes
is Monte Carlo N-Particle code (MCNP) [46]. MCNP is a versatile, continuous-
energy, generalized-geometry, time-dependent Monte Carlo code designed to track
several types of particles across a broad range of energies. Originally developed in
1977, it is the first comprehensive Monte Carlo particle transport code. The global
user community has developed a strong confidence in the MCNP code’s predictive
capabilities, thanks to its performance in verification and validation test suites [47],
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access to high-quality nuclear and atomic databases, and extensive application by
worldwide users in various scenarios.

MCNP has been used for the neutronic characterization of the ALFRED core,
along with the ERANOS deterministic code [38]. Both deterministic and Monte
Carlo methods solve the neutron transport equation, but they differ in the approx-
imations they introduce. Deterministic codes usually discretize the energy variable
using multigroup format, where cross-sections are condensed in the desired energy-
groups using a weighting spectrum. Moreover, deterministic codes usually require
the homogenization of material regions, which introduces spatial approximation.
On the other hand, Monte Carlo codes are capable of modeling complex geome-
try without major simplifications, using continuous-energy cross-sections. For this
reason, they have acquired the status of reference transport codes [48], and are
often selected to verify deterministic ones [48, 45]. MCNP was indeed chosen as
the reference Monte Carlo code by ENEA [49], mainly due to its outstanding level
of development and validation compared to other Monte Carlo codes. In partic-
ular, MCNP has been used to validate less mature Monte Carlo codes such as
Serpent [50], or OpenMC for photon transport and criticality applications [51].

The focus of this work is indeed not the validation itself, but the third step in the
qualification process: the uncertainty quantification of reactor physics parameters
such as the multiplication factor, control rod worth, coolant void worth, and the
temperature coefficient calculated with MCNP. Consistently with the purpose of
uncertainty quantification, the validation domain here considered is that of lead-
cooled fast reactors with neutronic characteristics close to those of ALFRED.

1.5 The role of international benchmark projects

As the fifty years of LWRs operation can attest, experimental data are crucial for
validating computer codes, proving that they can accurately simulate the behavior
of a nuclear reactor during normal operations (or in an accident scenario). Vali-
dating code and nuclear data sets requires high-quality experiments. To achieve
this, an international initiative has been launched by OECD/NEA (Organisation
for Economic Co-operation and Development/Nuclear Energy Agency) to create a
global database of neutronics experiments [52]. This effort aims to provide accurate
descriptions of each experiment, which are subject to peer review by international
experts before being added to the database. Such standardized experiments are
commonly referred to as benchmarks [48].

The OECD-NEA acts as a central international body to maintain the historical
insights gained from comprehensive experiments, particularly those performed in
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decommissioned facilities, as well as insights from experts who have retired. Three
main types of experiments lead to the creation of computerized databases: criti-
cality, reactor physics, and shielding.

The first one is the International Criticality Safety Benchmark Evaluation Project
(ICSBEP) [53], which collects about 598 evaluations with benchmark specifica-
tions for 5159 critical, near-critical, or subcritical configurations. This database
focused on criticality appears relevant to reactor physicists. However, other neu-
tron variables need to be assessed to confirm transport codes.

To sustain the current and future reactor physics validation necessities, following
the success gained by ICSBEP [52], the International Reactor Physics Evaluation
(IRPhE) project was developed [54]. This second project is dedicated to evaluat-
ing benchmark experiments covering a wide range of applications, from thermal
LWRs and high temperature reactors (HTRs) to fast reactors of various designs.
IRPhE handbook [55] includes several nuclear facilities: a total of 166 of the 170
evaluations are published as approved benchmarks. The experiments are dedicated
to reactor physics topics, but going beyond criticality, such as reactivity coefficient
measurements and local reaction rate distributions. In some cases, the evaluations
also include the study of sensitivity to material temperatures, material composi-
tion, or material insertion in the reactor, as well as spectrum measuring, kinetics,
and power distribution. The goal of the IRPhE Project is indeed to meet neutron
physicists’ unique needs.

International nuclear regulatory organizations, governmental facilities, universities,
as well as industrial and commercial entities, use these databases for validating
their codes and data, and to continuously support the neutronics Modeling and
Simulation (M&S) of the existing reactor fleet. These benchmark handbooks are
recognized as the quality standard for international benchmarking efforts. They are
employed worldwide for the development of analytical and computational methods,
validation and verification, reactor design and licensing, training, criticality and
reactor safety analyses, fuel cycle and associated activities, experiment design, and
the refinement of nuclear data by a broad spectrum of actors in the nuclear field.

The quality of benchmark cases benefits from a meticulous evaluation of experi-
mental uncertainties, particularly those related to the measurements of the effective
multiplication factor (keff) [56], the spectral characteristics, reactivity effects and
coefficients, kinetics, and other measurements [57]. Integral parameters, such the
afore mentioned, occupy a unique and critical role in the validation chain of neu-
tron transport codes. They are measurable in critical or subcritical experiments
and, at the same time, computable with simulation tools. Unlike the differential
measurements, which refers to individual microscopic cross-sections, integral ex-
periments characterize the combined response of the entire physical system or, in
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other words, they reflects the cumulative effect of uncertainties propagation from
the underlying input data though the computational methodology. Because inte-
gral parameters can be both directly measured and independently simulated, they
provide a consistency test of the whole modelling framework. Without using these
integral experiments, it would be even more challenging to identify and diminish
the uncertainties in nuclear data, which are essential for maintaining accurate and
reliable computational analyses.

Current experimental facilities for LFR developments
While uncertainty quantification in the case of existing power plants benefits from
an extensive database of operating reactor experimental results, new designs such
as LFRs can rely on a smaller number of past integral experiments that can be
considered representative enough. On the first place, the representativeness is often
derived from qualitative considerations regarding the type of fuel, the geometry of
the core and/or size. On the second place, the representativeness parameter can be
calculated using, for example, sensitivity coefficients (as it will be introduced later
for this work). Building mock-up facilities appears out of reach for most projects
due to the high costs involved. In fact, there are very few available facilities
currently in operation:

• VENUS-F [58], a fast zero-power reactor at the Belgian Nuclear Research
Centre SCK-CEN, which in the recent past served as a mock-up of MYRRHA [59];

• BFS [60], two fast criticality facilities situated at the Institute of Physics and
Power Engineering (IPPE) in Russia, one of which was employed in support
of the BREST project.

VENUS-F
The VENUS facility, originally designed and operated to reproduce thermal re-
actor conditions, was transformed into the VENUS-F configuration (2007-2010),
featuring lead blocks and a fast spectrum, to support Accelerator Driven Systems
(ADS) like MYRRHA. Since 2011, ten critical VENUS-F configurations have been
studied to advance in MYRRHA ADS and LFR core designs, with variations in
fuel assembly number and composition, reflector materials, and in-pile section
mock-ups [61]. In 2016, lead was replaced with bismuth, and a new experimental
campaign was initiated to validate the properties of bismuth in integral experi-
ments, particularly in the neutron energy range from 1 keV to 10 MeV. Since 2017,
lead and bismuth have been combined in fuel assemblies to simulate lead-bismuth
eutectic [62]. These zero-power experiments served two primary purposes: full-
scale (mock-up) and benchmark experiments. Mock-up experiments were focused
on various reactor physics parameters, including criticality, absorber rod worth,
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spectral indices, fission rate distributions, and safety-related reactivity effects like
coolant voiding, which directly support the safety and licensing of MYRRHA
and LFRs. The second kind of experiments involves simplified models to im-
prove cross-section data, comparing results with calculations through Calculated-
to-Experiment (C/E) analysis. Multiple computational tools were used for pre-
and post-test analysis of these experiments: both deterministic (ERANOS) and
stochastic codes (MCNP, SERPENT) using various nuclear data libraries (JEFF,
JENDL, ENDF/B) [61]. The general aim was to represent new core designs as
closely as possible to verify the reliability of computer codes and nuclear data.

BFS
At the BFS complex, various full-scale reactor mock-ups can be simulated. The
configurations can use different types of fuel, such as metal, mixed oxide, and
nitride, as well as various coolants, including sodium, lead, lead-bismuth, and
water. Different materials can also be employed for the control rods. The first
criticality experiment was performed in 1961 at the BFS-1 facility. Among the
assemblies tested during the 60+ years of operations, the BFS-61, a benchmark
model of an LFR with mixed nitride fuel, was the starting configuration from
which a series of experiments was conducted to study the BREST reactor. The
assemblies built for this purpose were the BFS-77 in 1999, the BFS-64 and the BFS-
95 in 2002, all of which were employed as benchmarks to verify and validate the
software and cross-section, and to confirm the neutronics analysis of the BREST-
OD-300 core [63]. Besides criticality, several quantities were measured, including
void reactivity, spectral indices, delayed neutron fraction, fission rate distribution,
and control rod worth. The mentioned assemblies were, though, not shared in the
IRPhE benchmark database.

As highlighted in this section, integral experiments are crucial for new LFR designs
because they are essential for nuclear data validation, licensing, and supporting the
design and operation of new reactor cores. Despite advancements in computational
tools and nuclear data libraries, zero-power facility experiments remain crucial,
especially for those new core designs that feature non-traditional neutron spectra.
Therefore, when the availability of experiments is limited, having databases such
as ICSBE and IRPhE is paramount for testing and improving the modeling and
simulation capabilities.

1.6 Thesis objectives

In the previous sections, it was highlighted that experimental campaigns are needed
to evaluate the reliability of computer codes and nuclear data sets used for design
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and to improve cross-section data. Uncertainty quantification indeed plays an
essential role in assessing the quality of simulation tools to predict the behavior of
a physical system. Moreover, it may often be considered a necessary requirement
for any innovative reactor system design [64].

The PhD project aims to provide a UQ step to evaluate the accuracy of the MCNP
code by comparing simulations with benchmark experimental data from the IRPhE
database, thereby supporting the qualification of MCNP for LFR (ALFRED-like)
applications. Moreover, a data assimilation tool is developed with the scope of
improving the estimated values for ALFRED. This effort proposes to assess the
modeling capability provided by MCNP, determining the levels of accuracy that
can be achieved through experiments that are representative of ALFRED.

When LFR design is concerned, the accuracy of the computational code needs to be
assessed using state-of-the-art and reliable uncertainty quantification techniques.
In this thesis, the post-processing tools have been developed using the Python
language. As recommended by the French Nuclear Safety Authority (ASN) in their
Guide no.28 [45], the post-processing software used to analyze the results of the
code that aspires to be qualified should also be considered in the whole qualification
approach. Thus, adequate verification of these tools is required. In Sections 2.6.3
and 2.5.5, the verification of the developed algorithms will be presented.

Following the general introduction presented in this chapter, Chapter 2 is dedicated
to the methodologies used in this work. Firstly, an introduction about MCNP and
its capabilities to perturb the input data is given, followed by a section dedicated to
the uncertainties involved in neutronics analysis. Afterwards, the data assimilation
method is proposed. Chapter 3 is devoted to the experimental cases selected from
IRPhE and used to perform representativeness calculations. Chapter 4 summarizes
the obtained results, and finally, Chapter 5 will draw the conclusions and explore
future applications/developments.

This work has been conducted in collaboration with the Laboratory for Design
and Analysis of Nuclear Systems (NUC-ENER-PRO), part of the Division for
Nuclear Energy Systems of the ENEA Nuclear Department, which has a long
experience in LFR core design and neutronics analyses. The verification of the
implemented algorithms was conducted during the research period abroad at the
Department of Energy Engineering — Nuclear section — of the Escuela Técnica
Superior de Ingenieros Industriales (ETSII), within the Universidad Politécnica de
Madrid (UPM).
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Methodology

Neutronic analysis of nuclear reactors relies on accurate predictions of neutrons’
behavior within a reactor environment. Such predictions are typically obtained
through numerical simulation codes that solve the Boltzmann transport equation
using nuclear data libraries that include the microscopic cross sections of the iso-
topes composing the material. However, both the calculation methods and the
nuclear data themselves are subject to uncertainties, which ultimately influence
the reliability of the simulation results. In the context of reactor core design and
safety assessment, quantifying and managing these uncertainties is therefore es-
sential.

The objective of this chapter is to present the theoretical and computational frame-
work adopted in this work to assess, and possibly improve, the predictive capabil-
ities of the MCNP code when applied to LFRs neutronic analysis and core design,
using ALFRED as a test bed, with all other reactors represented by ALFRED ben-
efitting of the same results. The first sections are dedicated to a general overview
of the Boltzmann transport equation and to an introduction to the MCNP Monte
Carlo code used to solve it.

Next, the role of nuclear data libraries and their associated covariance information
is examined, as these represent the primary source of uncertainty in neutronics
calculations. Perturbation theory and sensitivity coefficients calculation methods
are then introduced as key quantities to evaluate how variations in nuclear data
propagate to reactivity parameters. The capabilities of MCNP for perturbation
and sensitivity analysis are also detailed.

The chapter then focuses on the theoretical formulation of Uncertainty Quantifi-
cation (UQ), distinguishing between different classes of uncertainties and empha-
sizing those arising from nuclear data. The methodology adopted to propagate
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these uncertainties to system-level quantities of interest is discussed and verified.

Finally, the chapter introduces the Data Assimilation (DA) method implemented
in this work, which combines experimental benchmark data with prior simulation
results to reduce nuclear data uncertainties (as embedded effect) and improve
predictions for ALFRED-like reactor configurations. The Generalized Linear Least
Square (GLLS) method is presented as the basis of the assimilation approach,
together with its verification procedure.

Overall, this chapter provides the methodological foundation for the two main
objectives of the thesis: first, the qualification of MCNP for LFR applications
through uncertainty quantification based on a selected set of integral experiments,
and second, the development of a data assimilation tool to enhance neutronic
predictions for the ALFRED reactor concept.

2.1 The Boltzmann transport equation

The behavior of neutrons in a multiplying system is governed by the time-dependent
Boltzmann transport equation, which describes the evolution over time t of the
balance of neutrons in the six-dimensional phase space defined by spatial position
r, energy E, and flight direction Ω. The neutron field may be characterized by
the angular neutron flux

ϕ(r, E,Ω, t) ,

defined as the neutron density n in phase space multiplied by the particle speed
v(E):

ϕ(r, E,Ω, t) ≡ v(E)n(r, E,Ω, t) [cm−2 MeV−1 sr−1 s−1] . (2.1)

To derive the governing equation for ϕ, consider an arbitrary volume V bounded
by a closed surface S. We focus on particles with energies within dE of E and
directions within dΩ of Ω at time t. The change in the number of such particles
inside V is determined by a balance of gains and losses:

a) rate of increase of particles inside V ,

b) net streaming of particles out of V across the surface S,

c) removal due to interactions in the volume (absorption or scattering out),

d) addition due to scattering from other energies and directions into (E,Ω),

e) contributions from external or independent sources in V .
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The total number of particles with energies in dE about E and with directions in
dΩ about Ω in V is[∫

V

dV n(r, E,Ω, t)

]
dE dΩ =

1

v

[∫
V

dV ϕ(r, E,Ω, t)

]
dE dΩ . (2.2)

Therefore, the rate of change can be expressed as

1

v

∂

∂t

[∫
V

dV ϕ(r, E,Ω, t)

]
dE dΩ =

[∫
V

dV
1

v

∂ϕ(r, E,Ω, t)

∂t

]
dE dΩ . (2.3)

The net flow rate out of V across S is written as[∫
S

dSn̂ ·Ωϕ(r, E,Ω, t)

]
dE dΩ . (2.4)

Using the Gauss integral theorem, it can be seen as a volume integral[∫
V

dV∇ ·Ωϕ(r, E,Ω, t)

]
dE dΩ . (2.5)

Since r and Ω are independent with respect to ∇, the streaming of particles across
the boundary is given by[∫

V

dVΩ · ∇ϕ(r, E,Ω, t)

]
dE dΩ . (2.6)

Particle interactions within the medium remove flux at a rate proportional to the
total macroscopic cross section Σt(r, E, t), which is obtained by multiplying the
microscopic cross-sections by the density of the nuclide:[∫

V

dV Σt(r, E, t)ϕ(r, E,Ω, t)

]
dE dΩ . (2.7)

Scattering and other interactions that produce secondary particles contribute by
an integral term over all possible incoming energies E ′ and directions Ω′:[∫

V

dV

∫ ∞

0

dE ′
∫
4π

dΩ′ Σs(r, E
′→E,Ω′→Ω, t)ϕ(r, E ′,Ω′, t)

]
dEdΩ , (2.8)

where Σs is the macroscopic scattering cross section, here used as scattering kernel
describing both energy and angular redistribution of neutrons at fixed position r.

Finally, primary sources that introduce particles independently of the radiation
field are described by S(r, E,Ω, t)dEdΩ. Putting all contributions together, the
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balance relations is obtain as∫
V

[
1

v(E)

∂ϕ(r, E,Ω, t)

∂t
+Ω · ∇ϕ(r, E,Ω, t) + Σt(r, E, t)ϕ(r, E,Ω, t)

−
∫ ∞

0

dE ′
∫
4π

dΩ′Σs(r, E
′→E,Ω′→Ω, t)ϕ(r, E ′,Ω′, t)−S(r, E,Ω, t)

]
dV = 0 .

(2.9)

Being the volume arbitrary, thus the integral must be identically zero, and the
equation can be written as

1

v(E)

∂ϕ(r, E,Ω, t)

∂t
+Ω · ∇ϕ(r, E,Ω, t) + Σt(r, E, t)ϕ(r, E,Ω, t) =∫ ∞

0

dE ′
∫
4π

dΩ′Σs(r, E
′→E,Ω′→Ω, t)ϕ(r, E ′,Ω′, t) + S(r, E,Ω, t) , (2.10)

obtaining the time-dependent transport equation, also known as the linearized
Boltzmann equation. In situations where the radiation field changes slowly in
time, or the medium is stationary, the time derivative can often be neglected,
leading to the steady-state form:

Ω · ∇ϕ(r, E,Ω) + Σt(r, E)ϕ(r, E,Ω) =∫ ∞

0

dE ′
∫
4π

dΩ′Σs(r, E
′→E,Ω′→Ω)ϕ(r, E ′,Ω′) + S(r, E,Ω) . (2.11)

In multiplying media, neutron-induced fission introduces an additional internal
source term. The rate at which fission neutrons are born with energy in dE and
direction in dΩ can be expressed as:∫ ∞

0

dE ′
∫
4π

dΩ′ ν(E ′) Σf (r, E
′, t)χ(E)

1

4π
ϕ(r, E ′,Ω′, t) , (2.12)

where ν(E ′) is the average number of neutrons emitted per fission and χ(E) is the
fission neutron spectrum. Including fission, the transport equation becomes:

1

v(E)

∂ϕ(r, E,Ω, t)

∂t
+Ω · ∇ϕ(r, E,Ω, t) + Σt(r, E, t)ϕ(r, E,Ω, t) =

=

∫ ∞

0

dE ′
∫
4π

dΩ′Σs(r, E
′ → E,Ω′ → Ω, t)ϕ(r, E ′,Ω′, t)+

+
χ(E)

4π

∫ ∞

0

dE ′ ν(E ′)Σf (r, E
′, t)ϕ(r, E ′Ω, t) + S(r, E,Ω, t) . (2.13)
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In quasi-static conditions (∂ϕ/∂t ∼ 0) with no external source (S = 0), the time-
dependent problem can be simplified, reducing it to the steady-state form, so as
to leverage a relevant computational simplification for reactor analysis. In such
cases, the transport equation is written in k-eigenvalue form:

Ω · ∇ϕ(r, E,Ω) + Σt(r, E)ϕ(r, E,Ω) =∫ ∞

0

dE ′
∫
4π

dΩ′ Σs(r, E
′ → E,Ω′ → Ω)ϕ(r, E ′,Ω′)+

1

keff

χ(E)

4π

∫ ∞

0

ν(E ′)Σf (r, E
′)ϕ(r, E ′,Ω) dE ′ , (2.14)

where keff is the effective multiplication factor:

keff < 1 ⇒ subcritical, keff = 1 ⇒ critical, keff > 1 ⇒ supercritical.

2.2 Neutronics Code: MCNP

2.2.1 Monte Carlo methods for neutronics calculations

The integro-differential form of the Boltzmann transport equation (Eqs. 2.10 or
2.14) is exact but cannot be solved analytically for systems of practical interest.
Deterministic solution methods approximate the neutron field by discretizing one
or more of the variables (r, E,Ω, t) into finite meshes or group structures. This
introduces systematic numerical errors associated with spatial meshing, angular
quadrature, and multigroup energy treatment.

Monte Carlo methods, by contrast, avoid these discretization errors by simulat-
ing particle transport directly in continuous space, energy, and angle [65, 66]. A
Monte Carlo transport calculation proceeds by random sampling of individual par-
ticle histories, beginning from source emission, traveling along straight-line paths
between interactions, and undergoing collisions such as scattering, absorption, or
fission. Secondary neutrons, which can be produced by fission events, are recorded
and subsequently tracked as new histories. The distance to the next interaction, in-
teraction type, scattering angle, and secondary particle production are all sampled
according to probability distributions of the neutrons’ behavior: in other words,
they are derived from evaluated nuclear data libraries. The expected value of any
quantity of interest (e.g., cell-averaged flux, reaction rate, escape probability) is
then estimated from the accumulated contributions over many histories.
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Monte Carlo calculations are therefore capable of accurately treating complex
three-dimensional geometries using geometrical primitives, heterogeneous mate-
rial compositions, and highly realistic physics models without requiring variable
discretization for criticality calculations. This makes Monte Carlo solvers partic-
ularly well-suited for:

• detailed reactor core models containing control rod and internal structures;

• shielding analyses involving labyrinths, penetrations, and streaming paths;

• benchmark-quality reference solutions for verifying deterministic models.

However, because Monte Carlo solutions are obtained by statistical sampling, the
resulting estimates carry a statistical uncertainty. Achieving the desired confidence
level may require a large number of simulated particle histories N , especially when
the quantity of interest is localized in a small, remote region of phase space with
respect to the source. In such cases, Monte Carlo simulations may converge slowly.
For this reason, modern codes employ importance sampling and other variance
reduction techniques to accelerate convergence while preserving physical fidelity.

2.2.2 The MCNP Monte Carlo Code

MCNP is a widely used general-purpose radiation transport code that leverages
the Monte Carlo approach to solve neutron, photon, electron, and coupled trans-
port problems. MCNP supports a broad range of physics, geometries, and source
definitions through its input schema, making it a highly flexible and robust tool
for research, design, and verification in nuclear science and engineering. MCNP
operates through a structured input deck composed of the so-called cards : each
line or group of continued lines encodes one element of the problem. MCNP cards
are divided into three main blocks, which must appear in order: CELL, SURFACE,
and DATA cards. A cell represents a volume of space with assigned material proper-
ties, a surface defines the mathematical boundaries used by cells, while data ones
comprise material definitions, source distributions, type of calculations, particle
tracking functions, etc. [46] In the following bullet points, a brief explanation of
how MCNP works is presented.

• Problem setup: users can define the geometry using combinatorial geom-
etry (cells and surfaces), specify material compositions, assign cross-section
data (from ENDF/B and other evaluated nuclear data libraries), and de-
scribe sources (position, energy, direction, time) using input cards.
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• Particle Tracking: MCNP simulates each neutron’s lifetime from emission
to absorption, escape, or other terminal events. Random numbers are used
to sample outcomes at every step, including initial position/energy, flight
distances, collision types, secondary particle creation, and the subsequent
transport of these particles.

• Tallies and Results: during each history, scores of user-specified "tallies"
(e.g., flux, reaction rate, dose) are incremented as neutrons interact with
designated geometry features. Statistical summaries, including estimates of
relative error and precision, are accumulated as the simulation progresses.
Special variance reduction techniques, such as splitting, Russian roulette,
and importance sampling, can be employed to improve simulation efficiency,
for example, in shielding cases.

• Statistical convergence: the central limit theorem underpins the Monte
Carlo estimation. Repeated histories ensure that the sample means converge
toward the true means, and confidence intervals for computed results are
calculated using the variance across all histories.

Monte Carlo methods embodied in MCNP offer significant advantages for problems
involving complicated geometries, heterogeneous materials, and coupled particle
physics with respect to deterministic approximations. Their flexibility and ac-
curacy are balanced by the significant computational resources required. Since
statistical uncertainty decreases with the inverse square root of the number of
histories, it necessitates large numbers of simulations for high-precision results.

However, nowadays the MCNP code supports high-performance parallel execution
via both shared-memory threading (OpenMP) and distributed-memory message-
passing (MPI) [46, 67]. In practice, when the code is installed on a server or
cluster with many CPU cores, the user can significantly reduce the total run time
by distributing the simulation of many neutron histories across multiple processing
units, either by running multiple threads on a single node or by executing many
MPI ranks across nodes (or a hybrid of both). Because each particle’s history is
independent, MCNP scales well with increasing core number, making it feasible to
perform detailed high-fidelity geometry of full core reactors and perform criticality
calculations in hours instead of days when run on multiple-core systems, compared
to a simple workstation. All the simulations used in this thesis have been run on
the high-performance computing cluster karakuri provided by the NUC-ENER-
PRO Laboratory from ENEA research center in Bologna. karakuri is a 7-node
cluster with 64 cores per node.
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2.3 Nuclear data library and covariance matrix

2.3.1 Nuclear data libraries

Nuclear data are a fundamental resource for nuclear physics research, supporting
both scientific knowledge and technological applications. Reliable nuclear struc-
ture and reaction data provide the quantitative basis for simulations and calcu-
lations of neutron interactions, fission, activation, and radioactive decay, critical
for fields such as reactor engineering, safety analysis, and medical isotope pro-
duction. Among the internationally recognized evaluated nuclear data libraries,
ENDF/B-VIII.0 is adopted in this work because the objective is to assess the
performance of the package code-data library, namely MCNP 6.3.0 and ENDF/B-
VIII.0 distributed from LANL. In addition, this library was previously used during
the design and study of ALFRED. Therefore, ENDF/B-VIII.0 is retained to en-
sure consistency and enable direct comparisons between codes without introducing
discrepancies that can be due to differences in nuclear data.

Nuclear data consist of experimentally measured and theoretically derived quanti-
ties describing how particles interact with nuclei, as well as the changes in nuclei
due to processes such as fission or radioactive decay. The acquisition and valida-
tion of nuclear data follow a structured process: experimental measurements are
obtained and interpreted using physical models; evaluators then select, compare,
renormalize, and average the available information to create evaluated datasets.
These evaluated data are compiled into nuclear data libraries in standardized for-
mats such as ENDF6, which specialized software, such as NJOY [68], can sub-
sequently process for specific applications to generate ACE (A compact ENDF)
files [69, 70].

Generally, the evaluation process of a new nuclear data library comprises the val-
idation using benchmark experiments to compare calculated and experimental re-
sults. This feedback loop identifies deficiencies and guides future measurements or
re-evaluations [71]. It is important to remember that all nuclear data inherently
contain uncertainties, both from experimental limitations and model approxima-
tions. Evaluations aim to quantify these through covariance matrices, but com-
pleteness and consistency may vary.

2.3.2 ENDF/B-VIII.0

The Evaluated Nuclear Data File (ENDF/B) library, maintained by the Cross Sec-
tion Evaluation Working Group in the US and Canada, is widely used in applica-
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tions requiring evaluated neutron data. ENDF/B-VIII.0, released in 2018 [70], rep-
resents the eighth major update, reflecting advances since its predecessor ENDF/B-
VII.1 [69]. ENDF/B-VIII.0 features can be summarized as follows:

• Content Expansion. It comprises neutron data for 556 isotopes with cov-
erage for both ground and metastable states.

• Data Formats. Evaluated nuclear reaction data are published in the ENDF-
6 format and distributed as part of libraries such as the ENDF/B series. How-
ever, these evaluations are not directly usable in most Monte Carlo codes,
thus they must first be processed into specific formats (ACE). ACE files are
generated at multiple temperatures (see Table 2.1). These ACE libraries are
typically used in Monte Carlo codes such as MCNP, GEANT4, and others,
and they are distributed through the official Los Alamos National Laboratory
website [72].

• Rigorous Testing. Each data table has undergone thorough testing, in-
cluding physical consistency checks and benchmarking against critical and
pulsed sphere experiments [73].

• Improved Accuracy. Benchmark results demonstrate that ENDF/B-VIII.0
matches experimental measurements more closely than its predecessor for the
cases compared in [70].

• Covariance Data. ENDF/B-VIII.0 provides covariance matrices for many
reactions, supporting uncertainty quantification in applications.

Table 2.1: Temperatures and extensions for ZAIDs in ENDF/B-VII.0 [70]

Temperature [K] ZAID Extension

293.6 .00c
600 .01c
900 .02c
1200 .03c
2500 .04c
0.1 .05c
250 .06c
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2.3.3 Covariance Matrix

There are two types of uncertainties associated with nuclear data evaluation: sta-
tistical and systematic. Statistical uncertainties arise from random errors in count-
ing rate measurements, whereas systematic uncertainties stem from consistent bi-
ases affecting the experimental setup. Typical sources of systematic uncertainty
in microscopic measurements can introduce a common offset across multiple data
points. Systematic uncertainties include: the composition of the sample, detector
dead-time corrections, background signal estimation, uncertainties in the neutron
flux standard, normalization procedures in transmission experiments, and effects
related to the energy resolution [71].

Systematic uncertainties are accounted for through the correlations between mea-
surements obtained with the same experiment. These measurements, along with
their associated covariance matrices, form the basis for nuclear data evaluations.
Since the same models, approximations, and experimental data are often used to
adjust model parameters over an entire energy range, correlations naturally arise
between cross sections corresponding to different energy intervals.

To incorporate these effects, nuclear data covariance matrices are computed, cap-
turing both the magnitude of the uncertainties and the correlations they introduce
between data points. These covariance matrices are typically generated on a pre-
defined energy grid — consistent with that used in neutronic simulations — to
enable accurate uncertainty propagation analyses [73].

The covariance matrix used later on in this work to propagate nuclear data uncer-
tainty for the ENDF/B-VIII.0 library has been provided by ENEA NUC-ENER-
PRO Laboratory. It comprises the nuclear data uncertainties of:

• 78 isotopes;

• six reaction data, namely

– elastic scattering cross section,

– inelastic scattering cross section,

– (n,xn) or (n,2n) cross section (mechanisms for the release of n-1 or 1
free neutrons),

– fission cross section,

– radiative capture, or simply "capture", cross section,

– ν̄, average total (prompt plus delayed) number of neutrons released per
fission;
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• 33 energy groups (generally suitable for fast-spectrum reactor applications).

The data file provided by ENEA has the form of a correlation matrix: it contains
standard deviation instead of variances, and correlation instead of covariances.
Considering the following mathematical relationship:

var(αi) = σ2
i (2.15)

corr(αi, αj) =
cov(αi, αj)√

var(αi) · var(αj)
, (2.16)

(2.17)

where σi indicates the standard deviation of the ith parameter α (that in this case
indicates a cross-section). The correlation matrix can thus be converted into the
covariance matrix through a Python script implementing this formula

cov(αi, αj) = corr(αi, αj)
√
var(αi) · var(αj) (2.18)

for each isotope/reaction pair to generate the corresponding covariance matrix. In
addition, it combines the singular matrices into the final one, including all isotopes
and reactions of interest among the available ones.

2.4 Perturbation Theory (Sensitivity Coefficients)

Sensitivity coefficients are defined as quantities that express the relative change in
a system response due to a small change in an input parameter. For systems con-
taining fissile materials, an appropriate response variable is the effective neutron
multiplication factor, keff . For the scope of this work, nuclear data are considered
as the input parameters of interest.

The sensitivity coefficients are commonly represented as functions of the neutron
energy, illustrating the dependence of keff on perturbations in the nuclear data.
Such sensitivity profiles can be generated for each material within the system and
may include a variety of nuclear reactions (e.g., scattering, absorption, fission, ν̄),
as well as other nuclear parameters such as the fission neutron spectrum χ.

Sensitivity coefficients serve various purposes:

1. they enable the characterization of the system’s physical behavior by quan-
tifying the response variations due to changes in the parameters;

38



CHAPTER 2. METHODOLOGY

2. they facilitate the identification of the most influential processes (e.g., the
most relevant effective cross-sections) and the assessment of their relative
importance.

3. they allow propagation of the uncertainties of the input parameters to the
response of interest.

There are two ways to express the sensitivity coefficients.

• Absolute sensitivity coefficient. The absolute sensitivity coefficient of
the keff to an energy group of a given effective cross section (corresponding to
a particular nuclide-reaction pair), is defined as the variation of the keff with
respect to that effective cross section:

Sk,σ =
dkeff
dσ

. (2.19)

• Relative sensitivity coefficient. It represents the relative change of the
keff to a relative change in an effective cross section:

Sk,σ =
dkeff/keff
dσ/σ

. (2.20)

Besides the sensitivity profiles, the integrated sensitivity coefficient (ISC) is an-
other quantity often used in the sensitivity analysis. It defines the sensitivity
coefficient integrated over the entire energy range:

ISC =

∫ Ef

Ei

Sk,σdE . (2.21)

This value quantifies the sum of the values of the sensitivity profile over all energy
groups. This coefficient has the advantage of condensing the information of the
sensitivity profile in a single value, but it is not very representative in the case
of sensitivity profiles where negative and positive contributions compensate each
other. For example, the compensation of positive and negative terms is significant
in the case of the fission spectra of 239Pu (χ reaction, MT = 1018), as noticed
in [74].

2.4.1 Methods of calculating sensitivity coefficients in MCNP

MCNP 6.3.0 provides two types of perturbation theory: one utilizes the differential
operator through the PERT card, while the other two employ adjoint weighting via
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the KPERT and KSEN cards [46]. Each method comes with its own set of advantages
and disadvantages. The differential operator technique relies on a Taylor series
expansion, making it particularly effective for generalized responses in fixed-source
problems [75]. However, in eigenvalue problems, the differential operator approach
may yield inaccurate results because MCNP 6.3.0 implementation does not account
for the perturbation of the fission source distribution.

Differential Operator Technique

The Differential Operator technique is based on the premise that the parameter α
has an exponential form such as exp(θ) where θ is a dimensionless parameter. The
change in the response due to a perturbation in θ can be expressed as a Taylor
series expansion around the nominal value of θ:

R(α) = R(exp θ0) +

(
∂R

∂θ

)
α0

+
1

2

(
∂2R

∂θ2

)
α0

(δθ)2 + ... (2.22)

Normally, this expression is truncated with one or two terms (theory of first- or
second-order perturbations), and there are no cross-terms between derivatives,
which can have an impact on the accuracy of the results in some problems. In the
case of the Monte Carlo code MCNP, the PERT card is used, giving a response in
the following form:

R(α)−R(α0) = (∆R)PERT 1st + (∆R)PERT 2nd . (2.23)

For an answer based on the neutron path, to calculate the derivatives that appear
in the equation, it would be necessary to estimate three terms. The first would be
the change in response when disturbing the parameter; the second would be the
change in the probability of that random trajectory occurring; the third would be
the change in the fission source due to the effect of the disturbance.

To determine the sensitivity to a given parameter, the magnitude of the pertur-
bation is chosen. Even if the perturbed problem is not solved, the sensitivity
coefficients can be obtained from estimators of the change in the particle’s path
for a sample of particle histories. Example for neutron flux ϕ:

[∆ϕ(∆σx)]PERT = [∆ϕ(∆σx)]PERT 1st + [∆ϕ(∆σx)]PERT 2nd (2.24)

[∆ϕ(∆σx)]PERT 1st =
dϕ

dσx

∣∣∣∣
σx,0

∆σx (2.25)

[∆ϕ(∆σx)]PERT 2nd =
1

2

d2ϕ

dσ2
x

∣∣∣∣
σx,0

(∆σx)
2 . (2.26)
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The sensitivity with respect to an effective cross section would be:

Sk,σx =
1

ϕ0px
[∆k(∆σx)]1◦ where px ≡ ∆σx

σx

. (2.27)

Adjoint-weighting method

Following the derivation presented in [76], the steady-state Boltzmann transport
equation can be written as

[A− λB]ϕ = 0, (2.28)

where A and B are the neutron loss and production operators, ϕ is the angular
neutron flux, and λ is the eigenvalue whose dominant value corresponds to 1/keff.

Perturbations to the operators and eigenvalue are defined as

A′ = A+ δA,

B′ = B + δB,

λ′ = λ+ δλ , (2.29)

where δA and δB denote small linear perturbations, and δλ is the associated
change in the eigenvalue. The perturbed transport equation is thus expressed as

[A′ − λ′B′]ϕ′ = 0 . (2.30)

The adjoint of Eq. (2.28) is given by

[A∗ − λB∗]ϕ∗ = 0 , (2.31)

where ϕ∗ represents the adjoint flux (also known as the importance function), and
A∗, B∗ are the corresponding adjoint operators.

Multiplying Eq. (2.30) by ϕ∗ and integrating over the entire phase space yields

⟨ϕ∗, (A′ − λ′B′)ϕ′⟩ = 0 , (2.32)

where ⟨·⟩ denotes integration over all spatial, angular, and energy variables.

Substituting Eq. (2.29) into Eq. (2.32) gives

⟨ϕ∗, (A− λB + δA− λδB −B δλ− δλ δB)ϕ′⟩ = 0 . (2.33)

By invoking the adjoint property,

⟨ϕ∗, (A− λB)ϕ′⟩ = ⟨ϕ′, (A∗ − λB∗)ϕ∗⟩ , (2.34)
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and substituting Eq. (2.31), the expression simplifies to

⟨ϕ∗, (δA− λδB −B δλ− δλ δB)ϕ′⟩ = 0 . (2.35)

Neglecting the second-order term (δλ δB) and assuming ϕ′ ≈ ϕ (i.e., perturbations
do not significantly modify the flux distribution), the eigenvalue perturbation be-
comes

δλ

λ
=

⟨ϕ∗, (δA− λδB)ϕ⟩
⟨ϕ∗, λBϕ⟩

. (2.36)

Replacing the perturbations δA and δB with their partial derivatives with respect
to a macroscopic cross section Σx, the relative sensitivity of λ is written as

Σx

λ

∂λ

∂Σx

=
Σx

λ

⟨ϕ∗,
(

∂A
∂Σx

− λ ∂B
∂Σx

)
ϕ⟩

⟨ϕ∗, Bϕ⟩
. (2.37)

Since λ = 1/keff, it follows that ∂λ
λ

= −∂keff
keff

, and thus the sensitivity of keff to Σx

is

Sk,Σx =
Σx

keff

∂keff

∂Σx

= −Σx

λ

∂λ

∂Σx

= −Σx

keff

⟨ϕ∗,
(

∂A
∂Σx

− 1
keff

∂B
∂Σx

)
ϕ⟩

⟨ϕ∗, Bk−2
eff ϕ⟩

. (2.38)

In practice, the terms ∂A
∂Σx

and ∂B
∂Σx

are simple functions of the scattering, capture,
and fission cross sections. Hence, evaluating Eq. (2.38) involves integrating the
direct and adjoint fluxes together with the relevant cross sections over the complete
phase space.

When the energy dependence of Σx is represented using energy groups, the macro-
scopic quantity is expressed as Σx,g. The groupwise sensitivity of keff is then

Sk,Σx,g =
Σx,g

keff

∂keff

∂Σx,g

. (2.39)

By varying g over all energy intervals, one obtains the complete energy-dependent
sensitivity profile. Thus, it is possible to determine the perturbation in the re-
sponse due to a perturbation in a parameter and, therefore, the sensitivity coeffi-
cient without the need to solve the perturbed problem (as would be done in the
Direct Perturbation method). The equations that need to be solved are the direct
equation for the nominal case and the adjoint equation for the nominal equations.

As suggested in the MCNP manual, to analyze the effects of the nuclear data
uncertainties on keff parameters, the sensitivity profiles should be calculated using
the KSEN card. Using the KPERT card is not a suitable option. Even if it is based
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on the adjoint-weighted perturbation approach and can ideally accommodate a
wider range of perturbations, it introduces an approximation in the treatment of
scattering laws, which may cause significant or even unacceptable variations in
the scattering sensitivities. Furthermore, the user interface was designed specifi-
cally for material substitution, which may make sensitivity coefficient calculations
challenging for some users.

2.4.2 KSEN

When users are looking for estimates of changes in reactivity for reactor physics
applications or sensitivity coefficients related to the k-eigenvalue, the adjoint-based
methodology implemented in the KSEN card is the adequate choice. However,
they need to be aware of a significant limitation in the adjoint-based methods as
implemented in MCNP 6.3.0: these methods do not account for perturbations that
may arise from scattering laws or fission emission spectra. For scenarios where the
dominant effects are due to absorption or where scattering is mostly isotropic,
the results tend to be consistent with those obtained through direct cross-section
substitutions and from the adjoint-methodology package TSUNAMI-3D [77] of
the SCALE code [78] which employs multigroup cross-section data rather than
continuous-energy data.

KSEN card and KSENTAL options
Here, a brief description of the card characteristics is presented. Sensitivity can
be computed if the KSEN card is added to a KCODE calculation. Multiple cards are
permitted in a single input file [79].

After the card name, some values need to be specified for our scope:

• XS is the type of sensitivity (the only available at this time);

• iso: list of ZAIDs for which sensitivities are desired. The default is all data
tables present in the problem;

• mt: list of reaction MT numbers or special reaction numbers. Table 2.2
provides a list of acceptable entries from the MCNP user manual [46];

• erg: list of energy bin boundaries, in ascending order, over which to provide
the sensitivities. In the example (see Listing 2.1), there are 33 energy groups,
which is a typical discretization for fast reactors, as well as the same energy
ranges of the covariance matrix previously introduced.
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Listing 2.1 reports an example of two KSEN cards. Since MCNP version 6.3.0, sen-
sitivity profiles can also be printed directly in .sdf format [78] adding at the KOPTS
card the option KSENTAL = TSUNAMI-B. Previous versions of the MCNP code, such
as MCNP 6.2, could only choose KSENTAL = MCTAL (mctal is a structured ASCII
text file that contains detailed tally data output from an MCNP simulation). Ap-
pendix A presents different sensitivity output formats that can be obtained with
the described input settings. During this study, a Python-based post-processing
tool was developed to accurately reproduce the .sdf format. Even if the KSENTAL
= TSUNAMI-B was already available, developing an in-house script has a twofold
advantage: first, it can be used to print .sdf format when a combined sensitivity
vector is created (as will be introduced in the next section); second, MCNP sim-
ulations are lighter/faster since there is no need for the code to create a further
output dedicated to the sensitivity coefficients.

Listing 2.1: Example of a KSEN card
1 kcode 1e5 1 100 250
2 ksrc 0 0 0
3 c
4 ksen1 xs iso= 92235.00c 92238.00c
5 94239.00c 94240.00c 94241.00c 94242.00c
6 mt= 2 4 16 18 102 452 -1018
7 erg= 1.100000E-10 1.000000E-07 5.400000E-07 4.000000E-06 8.315287E-06
8 1.370959E-05 2.260329E-05 4.016900E-05 6.790405E-05 9.166088E-05
9 1.486254E-04 3.043248E-04 4.539993E-04 7.485183E-04 1.234098E-03

10 2.034684E-03 3.354626E-03 5.530844E-03 9.118820E-03 1.503439E-02
11 2.478752E-02 4.086771E-02 6.737947E-02 1.110900E-01 1.831564E-01
12 3.019738E-01 4.978707E-01 8.208500E-01 1.353353E+00 2.231302E+00
13 3.678794E+00 6.065307E+00 1.000000E+01 1.964033E+01
14 c
15 ksen2 xs iso= 5010.00c 6012.00c 8016.00c
16 11023.00c 13027.00c
17 14028.00c 14029.00c 14030.00c
18 24050.00c 24052.00c 24053.00c 25055.00c
19 26056.00c 28058.00c 28060.00c
20 42092.00c 42094.00c 42095.00c 42096.00c 42097.00c
21 42098.00c 42100.00c
22 mt= 2 4 16 102
23 erg= 1.100000E-10 1.000000E-07 5.400000E-07 4.000000E-06 8.315287E-06
24 1.370959E-05 2.260329E-05 4.016900E-05 6.790405E-05 9.166088E-05
25 1.486254E-04 3.043248E-04 4.539993E-04 7.485183E-04 1.234098E-03
26 2.034684E-03 3.354626E-03 5.530844E-03 9.118820E-03 1.503439E-02
27 2.478752E-02 4.086771E-02 6.737947E-02 1.110900E-01 1.831564E-01
28 3.019738E-01 4.978707E-01 8.208500E-01 1.353353E+00 2.231302E+00
29 3.678794E+00 6.065307E+00 1.000000E+01 1.964033E+01
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Table 2.2: Allowed reaction numbers for KSEN with continuous-energy physics [46].

Nuclear Data MT Number Special Reaction Number

Total 1 —
Total and S(α, β) — −1
Capture — −2
Elastic 2 —
Total Inelastic 4 —
Elastic and S(α, β) — −3
Total Fission 18 −6
First-Chance Fission 19 —
Second-Chance Fission 20 —
Third-Chance Fission 21 —
Fourth-Chance Fission 38 —
Total Fission ν 452 −7
Prompt Fission ν 456 —
Delayed Fission ν 455 —
(n,2nd) 11 —
(n,2n) 16 —
(n,3n) 17 —
(n,nα) 22 —
(n,n3α) 23 —
(n,2α) 24 —
(n,np) 28 —
(n,n2α) 29 —
(n,2nα) 30 —
(n,nd) 32 —
(n,nt) 33 —
(n,n3He) 34 —
(n,nd2α) 35 —
(n,nt2α) 36 —
(n,4n) 37 —
(n,2np) 41 —
(n,3np) 42 —
(n,2p) 44 —
(n,npα) 45 —
(n,γ) 102 —
(n,p) 103 —
(n,d) 104 —
(n,t) 105 —
(n,3He) 106 —
(n,α) 107 —
Inelastic Levels (1–40) 51, 52, . . . , 90 —
Inelastic Continuum 91 —
Total Fission χ — −1018
Prompt Fission χ — −1456
Delayed Fission χ — −1455
Total Scatter Law — −1001
Elastic Scatter Law — −1002
Inelastic Scatter Law — −1004
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2.4.3 Sensitivity coefficient for reactivity effects

To calculate the worth of the coolant void and/or the control rod, two simulations
must be conducted. The first simulation should represent the nominal case for
the conditions we wish to observe. The second simulation will involve a perturbed
state. The difference in the keff values obtained from these simulations will provide
the magnitude of the effect resulting from moving the control rods or creating
voids in regions/volumes within the core. The sensitivity coefficients related to
the multiplication factor of the nominal case and the perturbed case are Sσ,1 and
Sσ,2, respectively. The relative sensitivity coefficients of a reactivity response are
calculated following the derivation in [80]:

Sρ1→2,σ =
σ

|ρ1→2|
∂ρ1→2

∂σ
=

σ

|ρ1→2|

(
∂λ1

∂σ
− ∂λ2

∂σ

)
=

λ1Sσ,1 − λ2Sσ,2

|ρ1→2|
, (2.40)

where ρ1→2 is the change in reactivity between the Sσ,1 and Sσ,2 configurations and
λ = 1

keff
.

Verification

The formula in Eq. (2.40) has been implemented in a stand-alone Python script and
subsequently verified against TSAR (Tool for Sensitivity Analysis of Reactivity Re-
sponses) [81], which also employs the same methodology. TSAR is a SCALE func-
tional module that computes nuclear data sensitivity coefficients for eigenvalue-
difference responses such as reactor reactivity and worth coefficients [78]. TSAR
reads previously computed sensitivity coefficients for the k-eigenvalues at two
states of a reactor system (or for two different systems) and combines them to
obtain sensitivity coefficients for the difference. The reactivity sensitivity coeffi-
cients are then combined with nuclear data covariance information to determine
the uncertainty in the reactivity response.

For the verification process, a sodium void coefficient case that will be included
in the study has been chosen, namely the reference case ZPPR2-12 Loading 26
and the perturbed case ZPPR2-12 Loading 37. The sensitivity profiles of 239Pu
fission cross section are represented in Figure 2.1, using the Sensitivity Viewer
visualization tool. Sensitivity Viewer is a Java-based software that can read sen-
sitivity files and plot sensitivity profiles [82]. It is a free, standalone application
maintained by OECD-NEA. Currently, the supported formats are TSUNAMI (A
and B), SUSD3D, MCNP output, ABBN.

The combined coefficients for the reactivity effect were computed both with the
in-house Python script and with TSAR, which resulted in perfect agreement of
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Sensitivity Plot

zppr12_26.sdf fission pu-239 zppr12_37.sdf fission pu-239
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Figure 2.1: Comparison among sensitivity coefficients of the reference case ZPPR2-12
(loading 26) and of the perturbed case ZPPR2-12 (loading 37).

the coefficients. The L2 norm can be used as a synthetic indicator to prove the
consistency between the two codes. Indeed, the value obtained was 7.5E-6. An
example is given in Figure 2.2, which presents the combined sensitivities of 239Pu
fission cross section from TSAR and the Python script. It can be noticed that the
coefficients perfectly overlap. The red error bar is the one relative to the TSAR
output. The Python script does not currently account for the statistical uncer-
tainty in the sensitivities, so there is no blue error bar present. The coefficients
are also reported in Table 2.3 to highlight the excellent agreement. The negligible
inconsistencies may be due to rounding present in the algorithms.

The standalone scripts can print the sensitivity coefficients both as a .npy file,
which is a Python format that can be loaded in other scripts, and/or as .sdf file,
so it can be used for comparison with other sensitivities, and it is readable in tools
such as the Sensitivity Viewer.
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Table 2.3: Combined sensitivity coefficients for 239Pu fission cross section: comparison
between TSAR and the script developed.

Algorithm TSAR

2.09599E-03 2.09598E-03
2.29020E-02 2.29019E-02
8.01831E-02 8.01827E-02
1.87591E-01 1.87590E-01
1.44697E-01 1.44696E-01
2.95174E-01 2.95173E-01
7.40758E-01 7.40755E-01
6.24984E-02 6.24974E-02
1.89127E-01 1.89126E-01

-6.23766E-02 -6.23772E-02
-1.05182E-01 -1.05183E-01
-2.10743E-02 -2.10746E-02
-1.35784E-01 -1.35784E-01
-1.20615E-01 -1.20615E-01
-1.26655E-01 -1.26655E-01
-8.98982E-02 -8.98982E-02
4.29810E-02 4.29808E-02
2.38860E-01 2.38860E-01

-2.91125E-01 -2.91124E-01
-2.59198E-01 -2.59198E-01
-1.46222E-01 -1.46222E-01
-4.53189E-02 -4.53188E-02
-5.78075E-02 -5.78074E-02
-1.08020E-02 -1.08019E-02
-2.58999E-03 -2.58999E-03
-1.56843E-03 -1.56843E-03
3.34694E-04 3.34693E-04
7.95249E-05 7.95244E-05

-6.93956E-05 -6.93955E-05
1.06946E-04 1.06946E-04

-8.21032E-05 -8.21030E-05
-3.78731E-05 -3.78730E-05
0.00000E+00 0.00000E+00
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Sensitivity Plot

sens_REACT_TSAR.sdf fission pu-239 sens_TSAR_verific.sdf fission pu-239
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Figure 2.2: Sensitivity coefficient for reactivity effect: verification against TSAR pack-
age.

2.5 Uncertainty Quantification Theory

Transport calculations of system responses, such as the neutron multiplication
factor, inherently involve biases and uncertainties. These arise from several con-
tributing factors that can generally be classified into three main categories:

a) numerical;

b) modeling and experimental;

c) input data.

2.5.1 Numerical uncertainties

Often referred to as method uncertainties, they originate from limitations inherent
in the computational solvers used for transport calculations.

In Monte Carlo methods, such uncertainties may arise from imperfections in ran-
dom number generation, approximations in techniques used to estimate neutron
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multiplication (e.g., incomplete convergence of the fission source distribution or
neglected correlations between neutron generations), and biases introduced by al-
gorithms that represent nuclear data or sample probability distributions. Addi-
tionally, the intrinsic statistical uncertainty associated with the stochastic nature
of Monte Carlo simulations contributes to this class.

Computational benchmark studies are often employed to assess the upper bounds
of these effects, determining whether they can be considered negligible or require
the application of conservative biases in practical calculations. Typically, numer-
ical uncertainties are assumed to be reduced to an acceptable level by increasing
the number of particle histories or at least quantified and bounded by appropriate
margins.

2.5.2 Modeling and experimental uncertainties

Modeling uncertainties are those related to the evaluation of an experiment to
be used as a benchmark. Here, the evaluator may simplify the representation
of the experiment in the benchmark model to make the configuration easier to
model (e.g., homogenization of system components). In the ICSBEP Uncertainty
Guide [56], an example of this modeling uncertainty is provided. In some cases, the
evaluator may use a single temperature that is representative of all the experiments
conducted at the same facility, even though the real temperature slightly differs
between individual measurements. This assumption implies a constant modera-
tor density in the computational model, whereas the physical system experiences
small density variations. The impact of this simplification can be assessed by eval-
uating the sensitivity of keff to temperature changes. If the reactivity response
is negligible, the mismatch between modeled and measured temperatures can be
incorporated into the overall uncertainty related to the temperature, together with
the measurement error. On the other hand, when the temperature effect is no-
ticeable but still moderate, a reactivity correction is applied to account for the
model-experiment temperature offset, and an additional uncertainty component is
assigned to the correction.

Even in highly controlled critical benchmark experiments, uncertainties persist in
parameters such as fuel enrichment, impurity levels, material densities or compo-
sition, and geometrical tolerances. Such variations lead to discrepancies between
the measured and computed values. These effects are collectively referred to as
experimental uncertainties, as they remain even when the computational model
includes no simplifications.

Although the criticality of a benchmark system may be well established, signif-
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icant uncertainty can exist in the measured system parameters that define the
configuration. This contribution to the response uncertainty may be interpreted
as either experimental, since it originates from experimental characterization, or
computational, because it influences the model used in calculations.

The combined effects of both described uncertainties define the overall experimen-
tal uncertainty associated with the value of interest. Descriptions of benchmark ex-
periments in the ICSBEP commonly provide quantitative estimates of such param-
eter uncertainties and their corresponding impact on the neutron multiplication
factor. These standard deviations in keff are typically assigned by evaluators based
on experimental documentation, archived data, and other relevant sources [56, 57].

2.5.3 Input (nuclear data) uncertainties

For many applications, the predominant contributor to response uncertainty is the
nuclear data component. These involve uncertainties in evaluated quantities such
as microscopic cross sections, fission spectra, neutron yields (ν̄), and scattering
distributions, as compiled in libraries like ENDF/B.

Such uncertainties arise from both limitations in experimental nuclear data mea-
surements and approximations inherent in the evaluation process, which combines
differential experimental data with theoretical nuclear models. Uncertainties are
typically represented by probability distributions: the evaluated data are assumed
to correspond to the mean values of these distributions, while the reported vari-
ances characterize their widths.

One of the objectives of this study is to assess the contribution of nuclear data
uncertainty to criticality calculations and the main reactivity effects of fast reactors
representative of the ALFRED LFR. Therefore, the propagation of this kind of
uncertainty is included in the following section.

2.5.4 Nuclear data uncertainty propagation

Let’s suppose that the calculation response depends on parameters α:

R = f(α1, α2, ..., αk)

and that the true values of the parameters are not known. The nominal values are
known, taken as the average value: (α0

1, α
0
2, ..., α

0
k). The uncertainties given by the

standard deviation are known: (δα0
1, δα

0
2, ..., δα

0
k). The objective of an uncertainty

analysis is to obtain the expected value and uncertainty in the response due to
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the uncertainties in the parameters on which it depends. As stated in Section 2.4,
the sensitivity coefficients can be useful in propagating nuclear data uncertainties.
Consequently, a general formulation of the uncertainty quantification based on
sensitivity coefficients is introduced.

Considering the input parameters and the response developed around its nominal
value

α = α0 + δα (2.41)
α =

(
α0
1 + δα1, α

0
2 + δα2, . . . , α

0
k + δαk

)
(2.42)

R (α1, α2, . . . , αk) = R
(
α0
1 + δα1, α

0
2 + δα2, . . . , α

0
k + δαk

)
, (2.43)

then expanding in Taylor series around the nominal values

R (α1, α2, . . . , αk) =

R
(
α0
1, α

0
2, . . . , α

0
k

)
+

k∑
i1=1

(
∂R

∂αi1

)
α0

δαi1 +
1

2

k∑
i1,i2=1

(
∂2R

∂αi1∂αi2

)
α0

δαi1δαi2 + . . .

(2.44)

and keeping only the first-order terms (keff is made a linear function of the param-
eters):

R (α1, α2, . . . αk) = R
(
α0
1, α

0
2, . . . α

0
k

)
+

k∑
i=1

(
∂R

∂αi

)
α0
1

δαi = R0
1 +

k∑
i=1

Siδαi ,

(2.45)
where the quantity

(
∂R
∂αi

)
α0

is equivalent to the absolute sensitivity coefficient as
defined in Section 2.4.

If the variance of keff is calculated considering that the parameters α are distributed
according to a probability density function p(x), we obtain:

var[R] = E
[(
R−R0

)2]
=

∫
α∈

[
k∑

i=1

Siδαi

]2
p (α1, α2 . . . αk) dα1dα2 . . . dαk =

=

[
k∑

i=1

S2
i var (αi) + 2

k∑
i ̸=j=1

SiSj cov (αi, αj)

]

=
∑
i,j

∂R

∂αi

∂R

∂αj

cov (αi, αj)

= SCOV αα S
T ,

(2.46)
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where the vector containing the sensitivity coefficients is S = (S1, S2, . . . , Sk), and
COVαα is the covariance matrix. Thus, once the sensitivity coefficients and the
covariance matrix are known, the variance of the response can be obtained through
the so-called "sandwich rule" [83]. The uncertainty can be expressed in absolute
terms (absolute sensitivity coefficients and covariance matrix):

∆R =
√
SCOVαα ST , (2.47)

or in relative terms (relative sensitivity coefficients and relative covariance matrix):

∆R

R
=
√

Srel COVαα ST
rel . (2.48)

2.5.5 Uncertainty quantification algorithm verification

The sandwich formula in Equation (2.48) has been implemented in a stand-alone
Python script and subsequently verified against TSUNAMI-IP (Tools for Sensitiv-
ity and Uncertainty Analysis Methodology Implementation-Indices and Parame-
ters) [84, 85]. TSUNAMI-IP uses sensitivity data (generated by another SCALE
module or directly given in .sdf format) and cross-sections covariance data from
the SCALE Nuclear Data Covariance Library in 56–energy groups to calculate the
uncertainties due to the nuclear data [78].

The same sensitivity vectors, namely the 33-energy group sensitivities from a crit-
icality calculation performed with MCNP on the SNEAK-7B reactor, were given
as input to both codes to verify the sandwich rule implemented in Python. Each
singular contribution was computed independently using the Python tool and com-
pared with the corresponding TSUNAMI-IP outputs. In Table 2.4, some examples
of the individual quantities are presented to show the excellent agreement between
the codes. However, when the total uncertainty is computed, a difference of around
200 pcm is obtained (all the values are relative). The reason behind this mismatch
is due to the use of slightly different covariance matrices. As introduced before,
Python code uses a covariance matrix provided by ENEA for ENDF/B-VIII.0
and processed with NJOY, while the SCALE module uses an AMPX-formatted
covariance matrix from the ENDF/B-VIII.0 nuclear data library. TSUNAMI-IP
internally converts the data to have a consistent energy-group structure between
the sensitivities and the covariance.

By analyzing the TSUNAMI-IP output (see Listing 2.2) and the two covariance
matrices, we found out that some significant contributions are not included in ei-
ther matrix. Cross-correlated values between different nuclides (e.g., fission cross
sections for 238U and 239Pu), as well as χ cross-sections of the actinides, are present
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Table 2.4: Comparison of ∆keff/k values between SCALE and Python implementations
in pcm.

Quantity TSUNAMI-IP Python
239Pu fission 625 625
238U fission 136 136
238U capture 308 309
Total uncertainty 1018 808

in the SCALE covariance matrix while they are absent in the ENEA one. The cor-
relation of the fission cross-sections for 238U and 239Pu is represented in Figure 2.3
to illustrate that some cross-correlations between isotopes are missing in the co-
variance matrix provided by ENEA. Conversely, internal correlations 238U (e.g.,
elastic-inelastic, inelastic-fission), which contribute significantly to lowering the
total uncertainty obtained with Python, are not available in the TSUNAMI-IP
matrix.

Listing 2.2: TSUNAMI-IP output (partial reproduction) of the case used for the veri-
fication of the sandwich rule.

1 The standard deviation of keff ( % dk/k ) is:
2 9.991E-01 +/- 3.235E-04 percent
3 -----------------------------------------------------------------------
4 contributions to uncertainty in keff ( % dk/k ) by individual energy covariance

matrices:
5

6 covariance matrix
7 nuclide -reaction with nuclide -reaction % dk/k due to this matrix
8 ----------------- ------------------ --------------------------
9 pu -239 fission pu -239 fission 6.2509E-01 +/- 8.3795E-05

10 u-238 fission pu -239 fission 4.1223E-01 +/- 3.6096E-05
11 u-238 n,gamma u-238 n,gamma 3.0763E-01 +/- 2.3375E-05
12 u-235 fission pu -239 fission 2.9369E-01 +/- 2.8433E-05
13 pu -239 n,gamma pu -239 n,gamma 2.4102E-01 +/- 2.8685E-05
14 u-238 nubar u-238 nubar 2.2007E-01 +/- 1.1942E-05
15 u-238 inelastic u-238 inelastic 2.0306E-01 +/- 2.4114E-04
16 pu -239 nubar pu -239 nubar 1.9355E-01 +/- 5.9908E-06
17 u-238 elastic u-238 elastic 1.5478E-01 +/- 1.3363E-04
18 u-238 fission u-238 fission 1.3577E-01 +/- 8.1086E-06

In Table 2.5, the variances are reported to highlight the specific source of dif-
ferences. If we take the values from the TSUNAMI-IP columns, subtract the
cross-correlations and the Chi contributions, add the U-238 internal correlations,
and finally compute the square root, we obtain a total uncertainty of 810 pcm
against 808 pcm. These minor differences can be attributed to the different en-
ergy groups and weight functions involved during the generation of the matrices.
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Figure 2.3: ENEA correlation matrix for 238U and 239Pu fission cross-sections using
ENDF/B-VIII.0.

In conclusion, given the previous observations, the algorithm can be considered
successfully verified, and thus, it will be applied to the selected cases.

Table 2.5: Comparison among the variances obtained from TSUNAMI-IP and Python
implementation.

Quantity TSUNAMI-IP Python
239Pu 4.79E-01 4.74E-01
240Pu 7.70E-04 7.48E-04
241Pu 5.09E-05 5.30E-05
235U 7.60E-03 7.45E-03
238U 2.25E-01 1.71E-01
16O 1.29E-04 3.23E-04
27Al 4.99E-05 4.90E-05
Cross-correlations (different isotopes) 2.65E-01 -
χ contributions 5.91E-02 -
238U internal correlations - -5.68E-02
Total variance 1.04E+00 6.54E-01
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2.6 Data assimilation

2.6.1 Introduction

In nuclear engineering, data assimilation generally refers to the systematic inte-
gration of prior computational results with experimental measurements in order to
improve model accuracy and reduce uncertainties. In this framework, the model
predictions and the covariance matrix associated with the input parameters con-
stitute prior information. At the same time, experimental observations, along
with their measurement uncertainties and correlations, are treated as observational
data. Therefore, a data assimilation tool implements an inferential framework in
which these two sources of information are merged to produce a posterior esti-
mate of a quantity of interest and its updated uncertainty. In safety-critical areas
such as reactor design or criticality safety, this approach provides a mechanism to
leverage benchmark experiments and measurements to strengthen the credibility of
computational predictions. The data assimilation technique that will be presented
and used in this work is called Generalized Linear-Least Squares (GLLS).

The GLLS method has its roots in the field of nuclear-data adjustment, where it
has been employed for decades to combine results from differential and integral
experiments with evaluated nuclear data to produce statistically consistent ad-
justed libraries [86, 87, 88]. In the context of the PhD dissertation, GLLS provides
a deterministic solution to the Bayesian estimation problem, producing a poste-
rior best estimate of ALFRED keff and its relative uncertainty that minimizes the
differences between experimental measurements and calculated quantities. The
method relies on sensitivity coefficients that link experimental measurements to
the underlying nuclear-data parameters, and on covariance data representing their
prior uncertainties. Because the mathematical structure of GLLS is independent
of the specific physical meaning of the parameters, the same formalism can be ap-
plied to any case where responses depend linearly – or quasi-linearly – on uncertain
variables. This property allows GLLS to be extended beyond its first application
regarding nuclear-data adjustment to encompass code validation and uncertainty
quantification [89]. In this alternative interpretation, the objective is not to modify
the evaluated nuclear data themselves but to use the same algorithm to assimi-
late benchmark results and to quantify the expected bias and uncertainty of a
computational prediction for validation purposes.

Sensitivity analysis provides the necessary link between these two domains. By
computing the derivative of the effective neutron multiplication factor with respect
to each nuclear-data parameter, sensitivity profiles are obtained, and they can be
used to describe how the system response varies with differential changes in micro-
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scopic cross sections. When these profiles are combined with covariance matrices
of nuclear-data uncertainties, they yield both the uncertainty in the calculated
keff for a system and the correlations among different systems. These correlation
coefficients express the degree of similarity between benchmark experiments and
applications. Nonetheless, correlation analysis alone does not provide an optimal
synthesis of all available experimental evidence.

The GLLS approach extends these sensitivity and uncertainty techniques into a
complete data-assimilation framework. It can be interpreted as a deterministic
Bayesian approach that integrates discrepancies between calculated and measured
results, sensitivity profiles, and covariance data into revised estimates of system
responses. In this interpretation, GLLS does not merely modify evaluated nuclear
data; rather, it directly assimilates experimental evidence into the validation of
computational models. Solving the least-squares equations produces a posterior
bias and an updated uncertainty for the application under evaluation that are
statistically consistent with both the experimental information and its associated
correlations.

The following sections therefore, present the mathematical implementation of the
GLLS method and its verification.

2.6.2 GLLS method

As previously discussed, GLLS is widely used in nuclear criticality safety assess-
ments. GLLS can be derived from Bayes theory or from a linear least-squares
regression analysis. Both derivations can be found in Appendix B.

The primary purpose of the GLLS technique is to correct the bias between an
integral parameter’s calculated value C and its experimental value E, adjusting
calculated values and nuclear data (denoted σ) using experiments with integral
parameters. The adjusted values are usually referred to as posteriors.

All random variables (σ, C, and E) are assumed to follow multivariate Gaussian
distributions, with their uncertainties represented by covariance matrices. C and
E are vectors of dimension NE, where NE is the number of integral parameters
considered. σ is a vector of dimension Nσ, where Nσ equals the number of iso-
tope/reaction pairs multiplied by the number of energy groups in the multigroup
nuclear data.

C is a function C(σ) that expresses the influence of σ on the integral parameters.

In GLLS, this relation is approximated by a first-order Taylor expansion around
the nominal nuclear data σ0:
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C(σ) ≈ C(σ0) + S(σ − σ0) , (2.49)

where S is the matrix of sensitivity coefficients,

S =
∂C

∂σ

∣∣∣∣
σ0

,

with dimensions NE ×Nσ. The nuclear data adjustment ∆σ is obtained by mini-
mizing the residual between C and E in a least-squares sense, leading to

∆σ = MσS
T
[
SMσS

T +ME +MM

]−1
[E−C(σ0)] , (2.50)

where Mσ is the prior covariance matrix of the nuclear data (Nσ ×Nσ), ME is the
covariance matrix of the experimental integral parameters (NE × NE), and MM

accounts for modeling and methodological uncertainties (NE ×NE).

The posterior nuclear data are then given by

σ′ = σ0 +∆σ (2.51)

and their posterior covariance matrix is

M′
σ = Mσ −MσS

T
[
SMσS

T +ME +MM

]−1
SMσ . (2.52)

The posterior calculated integral parameters, C′, are then approximated by

C′(σ′) ≈ C(σ0) + S∆σ , (2.53)

and the updated uncertainty due to the nuclear data component is

V′
C = SM′

σS
T . (2.54)

These equations represent the general form for the posterior quantities. For this
application, they are declined as follows, highlighting the contribution of the inte-
gral benchmarks to obtain the posterior values for the application case:

C′ (σ′) = C (σ0) + S ·MσSB
T
[
SBMσSB

T +ME +MM

]−1
[E−C (σ0)] (2.55)

V′
C = SM′

σS
T =

= S
(
Mσ −MσSB

T
[
SBMσSB

T +ME +MM

]−1
SBMσ

)
ST .

(2.56)
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Here, the matrix of sensitivity coefficients S comprises both the application and the
benchmarks’ sensitivity coefficients, while SB specifies when only the benchmark
coefficients are taken into account.

Since biases in simulation results depend on the configuration of critical experi-
ments, selecting representative experiments is essential. The selection of the ex-
periments for the data assimilation step is guided by a sensitivity-based correlation
metric, commonly referred to as representativeness (or representativit) factor. This
quantity quantifies the similarity between the sensitivity profiles of the applica-
tions and those of the benchmark cases, providing a numerical criterion for ranking
experiments according to their relevance to the reference case.

Nevertheless, it is not trivial to properly account for correlations among bench-
mark experiments. Such correlations may arise not only from shared nuclear-data
sensitivities, which are explicitly treated within the GLLS formalism, but also from
common experimental characteristics and modelling features (e.g., similar geome-
tries, fuel types, fuel forms, moderation conditions, or the presence of control rods).
The ORNL study [76] indicated that reliable bias estimates typically require at
least five highly correlated or about ten moderately correlated experiments (with
respect to the reference case/reactor), offering a practical criterion for assessing
the adequacy of benchmark coverage.

Within the GLLS algorithm, the experimental contributions are incorporated fol-
lowing the cases with higher representativeness. These experiments present a
stronger influence on the posterior bias and uncertainty estimates than less rep-
resentative configurations. At this stage, it is essential to understand how bench-
marks enter the GLLS formulation and how their relative importance is quantified
within the covariance structure. A rigorous definition of the representativeness
factor and its practical computation will be presented in the following chapter (see
Section 3.3), once the experimental dataset has been established.

To summarize the methodological advantages of the approach in the context of
criticality-safety validation, GLLS provides a unified, transparent statistical struc-
ture that merges nuclear-data uncertainties, benchmark results, and application
sensitivities into a single covariance framework.

2.6.3 GLLS algorithm verification

The relevance of GLLS to contemporary criticality-safety methodology is under-
scored by ongoing activities of the OECD Nuclear Energy Agency’s Working
Party on Nuclear Criticality Safety (WPNCS) [90]. Subgroup 11 first established
Bayesian and least-squares methods for feedback from integral experiments to
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nuclear-data evaluations [91], while Subgroup 14 has extended these principles
to data assimilation and uncertainty quantification for criticality-safety valida-
tion [92]. Both subgroups identify the GLLS approach as the reference deter-
ministic realization of Bayesian data assimilation, particularly suitable when full
stochastic sampling is computationally impractical.

In this framework, the first-order approximation of the posterior calculated value
and the uncertainty of the reference case ALFRED were implemented in Python
using Eq. (2.55) and (2.56). To verify the correctness of the code, the "Inter-
comparison Exercise on Bias and Correlated Data, Comparison of Methods", a
task of the WPNCS - Subgroup 11 (WPNCS/SG11) [91], is used as a reference to
prove that the in-house script could reproduce the same results. For the posterior
calculated value, the values are given as the posterior bias, defined as

C′ (σ′)−CAPP [pcm] . (2.57)

The verification against the reference implementation was performed using the L2

norm of the deviation vectors. As reported in Table 2.6, all cumulative quantities
exhibit exact numerical agreement, while the singular bias differs by 1 pcm due to
rounding effects. No other deviations were observed.

Table 2.6: L2 norm of deviations with respect to reference results (pcm).

Correlation Singular Bias Cumulative Bias Cumulative Uncertainty

– 1 – –
0.00 – 0 0
0.70 – 0 0
0.99 – 0 0

The excellent agreement is also represented in the following plots. Comparing Fig-
ure 2.4, which represents the posterior biases obtained by SG11, with Figure 2.5,
which shows the results obtained from the methodology implemented during this
thesis, allows to visually appreciate the reproducibility of the reference results. In
Figure 2.4, the posterior bias is presented for different cases representing increas-
ing correlation among the benchmarks. On the left side of the plot, the black
line represents the effect of a singular benchmark, where BM9 is the least similar
benchmark, while the most similar is BM1. On the right side, the black line,
the green line, and the red line indicate the effect of incrementing the number
of benchmarks from the more similar to the less, for the case with no experi-
mental correlation among the benchmarks (0.00), medium correlation (0.70), and
strong correlation (0.99), respectively. Figures 2.6 and 2.7 show the trends of the
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posterior uncertainty V′
C calculated by SG11 and by the implemented algorithm,

respectively. The same considerations for the correlation cases exposed before also
apply for the updated uncertainty.
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Figure 2.4: Results from SG11 for GLLS method for the application case with experi-
mental uncertainty 0.01.
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Figure 2.5: Results from the Python algorithm for the application case with experi-
mental uncertainty 0.01.
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Figure 2.6: Results from SG11 for GLLS method for the application case with experi-
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Figure 2.7: Results from Python algorithm for the application case with experimental
uncertainty 0.01.

2.7 A Python-based framework for uncertainty quan-
tification and data assimilation for LFR

Uncertainty quantification and data assimilation are critical for accurate modeling
and analysis of neutronics parameters in LFRs. One of the main outcomes of
this work is the development of a Python-based framework that integrates MCNP
simulations’ results with nuclear data uncertainty propagation, and a criticality
safety assessment method was developed. The objective is twofold: to quantify
the impact of nuclear data uncertainties on reactor observables and to provide
an improved estimate of the effective multiplication factor for the reference case
ALFRED.

Although similar capabilities exist within established codes such as TSUNAMI-IP
or TSAR packages from SCALE [77, 81], one major drawback is that these tools
are not open-source and offer limited integration with customized post-processing
workflows. The framework proposed here addresses this limitation by providing
a fully adaptable and that can easily be integrated into the internal solution.
Its implementation was verified against licensed codes during a research stay at
the Nuclear Engineering Department of UPM, ensuring methodological reliability
while preserving the required flexibility. As already introduced in Section 1.4,
besides the adaptability of the tools, the verification process is a key aspect to
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support the broader qualification process of calculation packages for LFR design
applications.

The framework expands the capabilities of an already established internal Python-
based workflow. In addition to the first reason of using Python [93] as a program-
ming language, a key advantage is its versatility and ease of integration with
MCNP outputs. Since MCNP primarily produces raw output files, extensive ef-
forts in post-processing are often required to extract relevant information, such
as tallies or, in this case, sensitivity coefficients. The developed tools automate
the parsing and manipulation of these files, enabling structured data handling and
efficient extraction of numerical results. Furthermore, the Python scientific library
ecosystem [94], facilitated the implementation and testing of algorithms for this
project.

The framework consists of four main modules:

1. MCNP output manipulation:

• Conversion of MCNP output files (which contains the computed sensi-
tivities) into .sdf format, enabling standardized comparison with sen-
sitivity files from other codes or cases.

• Sensitivity ranking to identify the princiapl contributors.

• Conversion from .sdf to .npy format for numerical processing.

• Generation of new sensitivity coefficient for reactivity effects cases by
combining the .sdf file from nominal and perturbed runs, with outputs
available in both .sdf and .npy formats.

2. Covariance Matrix generation. A dedicated script reads the ENEA cor-
relation matrix and builds the covariance matrix for a specific application
by selecting the isotopes and reactions of interest. The resulting matrix is
exported as .npy files for direct use in UQ and GLLS algorithms.

3. Uncertainty Quantification. A standalone script recalls the previously
generated sensitivity and covariance .npy files and propagates the nuclear
data uncertainty of the selected cases. The separation of these modules allows
efficient handling of cases involving numerous isotope-reaction correlations.

4. Data Assimilation. A Python implementation of the GLLS method pro-
cesses the .npy file for sensitivities and the covariance matrix, evaluates
similarity, reorders the cases, and computes both singular and cumulative
contributions for keff model updating.
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Furthermore, the framework is not library-dependent, except for the covariance
matrix, which is given and is part of a previous workflow. Although the ENDF/B-
VIII.0 was adopted for consistency with previous works, the developed tools can
be applied to different libraries, allowing for further comparison studies, which are
not the focus of this thesis.

Overall, the proposed framework provides a rigorous yet flexible environment for
analyzing nuclear data uncertainty contributions to several reactivity parameters
derived from MCNP simulations and for updating the model predictions using
available experimental measurements. Its modular architecture facilitates possible
extension to other applications in the reactor core design domain. In this work, the
code under study for the qualification process is MCNP version 6.3.0; however, the
methodology can be adapted to any neutronics code that can provide sensitivity
data, including deterministic codes, along with a consistent covariance matrix.
The integrated structure of the framework is summarized in Figure 2.8.

MCNP
output

.out > .sdf

.sdf > .npy

combined
sensitivities

keff
Reactivity
Effects

.sdf, .npy

ENEA
CORRELATION

MATRIX

Data
Assimilation

Uncertainty
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Covariance Matrix.npy

Figure 2.8: Uncertainty quantification and data assimilation framework.
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Chapter 3

Experiments selection from IRPhE

As previously introduced, the uncertainty quantification assessment is based on a
selection of cases from the IRPhE handbook that are representative of the AL-
FRED reactor. In particular, the reactor type from which the heuristic evaluation
started is Liquid Metal-cooled Fast Reactors (LMFR).

This chapter is organized as follows: first, an introduction is given to the IRPhE
database and its graphical interface IDAT, which allows easier searching for cases
of interest. Secondly, the motivations that drove the choice of the simulated ex-
periments for evaluating the code’s reactivity parameters prediction accuracy are
discussed. Then, a section is introduced, dedicated to the characterization of the
selected maquettes, and the representativeness values calculated using the sensi-
tivity coefficients obtained with MCNP calculations. Finally, the last section is
dedicated to additional reactor physics parameters not considered in this work
due to the computational limits of MCNP, which can be useful for code validation
purposes in fast reactor applications.

IRPhE and IDAT tool
The Nuclear Energy Agency (NEA) handbooks are extensively exploited for code
validation purposes. Also at Los Alamos National Laboratory, MCNP developers
included fundamental reactors from ICSBEP in their verification and validation
test suite [47] for criticality assessments. Several reactor types are present in the
IRPhE database: Boiling Water Reactor (BWR), Gas Cooled Fast and Ther-
mal Reactor (GCFR and GCR, respectively), Heavy Water-moderated Reactor
(HWR), Liquid Metal-cooled Fast Reactor (LMFR), Light Water-moderated Re-
actor (LWR), Molten Salt Reactor (MSR), Pressurized Water Reactor (PWR),
RBMK, SPACE, and VVER reactors. Since ALFRED is a lead-cooled fast reac-
tor, the domain was restricted to LMFR facilities only, as the ones in the total list
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that are constitutively bound to be the most representative.

The content of the ICSBEP and IRPhE handbooks, which was already extensive
and continues to grow edition after edition, required the creation of a dynamic
database structure to gather and enhance their usability. As a consequence, the
Database for the International Handbook of Evaluated Criticality Safety Bench-
mark Experiments (DICE) was released specifically for the ICSBEP Handbook
in 2003 [95]. About ten years later, the IRPhEP Database and Analysis Tool
(IDAT) [96] was made available with the IRPhEP handbook. These relational
databases include preselected information from each of the benchmark evalua-
tions. Moreover, they also include calculated quantities of the reactor cases, such
as neutron flux, fission spectrum data, or sensitivity data. For LMFR, very few
sensitivities are present compared to the extension of this section, and for very
limited libraries (e.g, ENDF/B-VI.0 sensitivities for BR2 facility and ENDF/B-
VII.0 library for FFTF and SNEAK). Nevertheless, the interface developed for
these tools allows users to query the chosen parameters to identify benchmarks
suitable for their specific needs. Both DICE and IDAT have plotting capabilities
for the different parameters loaded, which are useful for comparing different ex-
periments. In general, these database tools considerably simplify the search for
validation cases from the various reactor types and their respective benchmark
measurements.

Due to the numerous cases and parameters involved, IDAT was indeed used for
the initial heuristic selection and to identify the measurements available for the
parameters of interest.

3.1 Selection Criteria

The cases available in the IRPhE are numerous, but not all of them fit the purpose
of the intended study. Surely, a focus on LMFR reactors is required, which already
significantly reduces the number of candidate facilities to 9, which include 36 cases.
Among these, however, a further selection is needed, as not all have the technical
characteristics required to represent the reference reactor of interest, ALFRED.
A preliminary selection was therefore conducted using a qualitative physics-driven
approach to screen the most promising cases, which will be subsequently confirmed
or ultimately disregarded by means of a quantitative evaluation of the physical
representativeness of each configuration.

The following physical characteristics were considered and used as driving criteria
for the screening.
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• Core configuration and the presence or absence of symmetries (the ALFRED
core is largely symmetric).

• Presence of moderating materials that affect the spectrum hardness and the
integral parameters in general.

• Spectrum profile, which has to be as close to the ALFRED one as possible,
especially in the most important range from 1 keV to 1 MeV, with a mean
energy of 400-450 keV.

• Fertile material, its presence having an impact on the spectrum characteris-
tics.

• ALFRED is a power reactor, so similar systems would have been preferred.
However, only FFTF and JOYO are power reactors, since most of the ex-
periments concern zero-power configurations of critical reactors.

• The type of measurements (criticality, control rod worth, coolant void coef-
ficients, spectral indices, etc.) available for each facility, taking the most out
of the dataset.

Regarding the last bullet point, a specification that has already been introduced
in Chapter 2 is mandatory. The scope of this work is to assess the reliability
of MCNP simulation capabilities when applied to LFRs, but regarding the reac-
tor physics parameters for which it is possible to compute sensitivities with the
chosen Monte Carlo code, so to be able to propagate the input uncertainties via
the so-called sandwich rule. Consequently, the parameters of primary interest
are: the effective multiplication factor (keff), the Control Rod Worth (CRW), the
coolant void coefficient, which, since all the measurements are for sodium voiding
effects, can be referred to as Sodium Void Reactivity (SVR), and the temperature
coefficient (or Isothermal Temperature Coefficient (ITC)) of reactivity. Section
3.4 will be dedicated to the reactivity coefficients and effects measurements that
are covered in the IRPhE database, and to clarify why sodium void coefficient
measurements have been included in the study.

A description of the facilities evaluated is briefly presented in the following sub-
sections, using the information provided by the IRPhE handbook [55].

3.1.1 BFS

The Institute of Physics and Power Engineering (IPPE) in Obninsk, Russia, hosts
two critical facilities, BFS-1 and BFS-2, aiming to provide a unique experimental
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data source for reactor physics and criticality safety problems. At the BFS facility,
integral experiments were carried out intended to study the neutronics of fast reac-
tors with different fuels (uranium metal, uranium dioxide and nitride, plutonium
metal, MOX fuel) and coolants (sodium, lead, lead-bismuth, hydrogen-containing
coolants). Some of these experiments have been evaluated and included in both
the IRPhEP and ICSBEP Handbooks.

The first facility, BFS-1, was established as a versatile experimental platform for
detailed neutronic simulation of fast-reactor systems. Its primary objective was to
reproduce core, blanket, reflector, shielding, and fuel-storage configurations and
to obtain high-fidelity experimental data required for the validation of neutron
constants, calculation codes, and advanced reactor design methodologies. The
core volume is variable and it can enable both small-scale studies and full-scale
mock-ups representative of fast reactors with thermal capacities approaching 1000
MW. Since its commissioning in June 1961, the installation has hosted numerous
prototype configurations and benchmark experiments.
Between 1990 and 1991, three critical experiments using heterogeneous arrange-
ments of plutonium, depleted uranium, graphite, and lead were conducted here.
The main purpose of this campaign was to obtain supplementary integral bench-
mark measurements to support neutronic validation and design activities for LFRs
concepts, and it still is the only benchmark case in IRPhE involving lead. All three
configurations presented similar core compositions while differing in their radial
reflector designs.

• BFS-61-0: consisted of a core surrounded by a radial reflector composed of
successive layers of lead, steel, and depleted uranium dioxide (Fig. 3.1).

• BFS-61-1: maintained essentially the same core dimensions but utilized a
reflector consisting of lead and depleted uranium dioxide layers.

• BFS-61-2 consisted of a core of similar height with an increased diameter.
In this case, the lateral reflector was composed solely of depleted uranium
dioxide.

Among several configurations included in the database from the BFS-1 facility,
the BFS-73-1 critical experiment is a benchmark of a sodium-cooled fast reactor
with metal uranium fuel of 18.5% average enrichment. The critical assembly was
a simple system, without control rods in the core. Axial and radial blankets were
depleted uranium dioxide. The experiment was performed in 1997.

On the other hand, the BFS-2 critical facility was designed in IPPE for full-size
simulation of the core and shielding of large fast reactors with a power up to 3000
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Figure 3.1: Schematic of the BFS-61-0 core map [55].

MWt, and it was put in operation in October 1969. BFS-2 included the critical
experiment BFS-62-3A, which is one of the variants in the simulation series of the
BFS-62 experiments for the sodium-cooled BN-600 reactor with hybrid U-Pu fuel
and stainless-steel reflector. The core size is approximately 1 meter in height and
2 meters in diameter, with a thickness of 50 and 70 cm for the axial and radial
blankets, respectively. BFS-62-3A core is a 4-zone system: Inner Core (LEZ),
Middle Core (MEZ), Plutonium Enrichment Zone (PEZ), and Outer Core (HEZ),
without any control rods within the core.

3.1.2 BR2

BR-2 reactor was also developed at IPPE in Obninsk, Russia. The system was
a fast reactor with a nominal thermal power of 200 kW, cooled by mercury. The
core, composed of stainless-steel-canned plutonium metal fuel rods in a hexagonal
lattice, was very compact. Several kinds of rods were also used in the core, such
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as depleted uranium rods, iron rods, and testing rods. The lateral reflector used
depleted uranium metal. The active part of the core is pseudo-cylindrical, having
a height and diameter of 13 cm. The BR-2 facility was built for research into
fast neutron physics and technology developments. In fact, it was equipped with
several experimental devices, such as vertical and horizontal channels, and large
graphite thermal columns. Horizontal and vertical views of the BR-2 reactor are
reported in Fig. 3.2.

Basis 1 0 0
0 1 0

Exten
t
53.669 53.669

Origi
n
-1.0
161

2.
3136

51.3
02

basis XY
Color: Material

MCNP Input Listing for Case 1 of Table 17.b

Figure 3.2: BR-2 reactor: horizontal and vertical cross sections [55]
.

3.1.3 EBR2

The Experimental Breeder Reactor-II (EBR-II) was a test reactor operated by
Argonne National Laboratory from 1964 through 1994. The sodium-cooled fast
reactor had a thermal output of 62.5 MW. Although initially designed to breed
more fuel than it consumed, it was later reconfigured to operate as an irradiation
facility. Here, a variety of fuels (enriched uranium metal alloyed with a small per-
centage of other elements at first, recycled fuel later) and structural materials were
tested. The EBR-II had 637 vertical removable assemblies in a hexagonal lattice.
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These assemblies were divided into three regions: the core, an inner blanket, and
an outer blanket. The inner blanket initially contained depleted uranium to breed
new fissile material. When it was turned into an irradiation facility, the depleted
uranium assemblies were replaced with stainless-steel ones to reflect neutrons to-
ward the center of the core. The outer blanket region consisted almost entirely of
depleted uranium assemblies.

3.1.4 FFTF

The Fast Flux Test Facility (FFTF) was a U.S. experimental fast reactor with a
400 MW thermal power. It was a fast-spectrum reactor using sodium as coolant,
under low-pressure and high-temperature conditions. The objective of the de-
sign was to study fast breeder reactors and to provide an irradiation platform for
qualification and performance testing of nuclear fuels and structural materials for
advanced reactors. The FFTF was employed from February 1980 to April 1992.
Throughout its decade of operation, the FFTF served as a national research center
to examine advanced nuclear fuels, materials, components, systems, operational
and maintenance practices of nuclear power plants, as well as both active and
passive safety technologies for reactors. It also generated a significant quantity
of isotopes for medical and industrial applications, evaluated materials for the
U.S. fusion research initiative, and engaged in collaborative international research
efforts.

Due to the testing nature of FFTF, the composition and arrangement of the core
were changed to meet the requirements for varying testing procedures. In the
benchmark case, however, the core comprised 199 replaceable hexagonal assemblies
(Fig. 3.3), with the fuel bundle bearing PuO2-UO2 pellets enclosed in stainless
steel claddings. The assemblies had two different fuel enrichments in Pu: 22.4%
and 27.4% in the inner and outer regions, respectively. FFTF had nine control rods
with B4C as absorber; inconel reflectors were utilized to reduce neutron leakage.

3.1.5 JOYO

The first Japanese experimental fast reactor employing sodium as coolant was
JOYO. The facility was built at the O-arai Engineering Center of the old Power
Reactor and Nuclear Fuel Development Corporation (PNC), which is now part of
the Japan Atomic Energy Agency (JAEA). Construction activities began in 1970,
and it was completed in 1977. The initial core configurations consisted of 64 core
fuel assemblies (FAs), which represent a critical state with all control rods fully
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Figure 3.3: Schematic view of the FFTF core map [55]

withdrawn. The second core contains 70 FAs, with approximately half of the two
regulation rods inserted into the core fuel region. FAs were disposed in a hexagonal
arrangement, and the fuel was MOX, with highly enriched uranium (23% of 235U).
An axial blanket of depleted uranium oxide surrounded the fuel region. The power
operation, initially rated at 50 MWth, was performed from April 1978 to February
1979, followed by upratings to 75 MWth (from July 1979 to December 1980) and
100 MWth (up to date). For the benchmark evaluations, two startup core cases are
reported. In both cases, reactivity control was achieved using B4C absorber rods.
The first case proposed reproduces the clean core with 64 FAs, while the second
case represents the subsequent extension to 70 FAs (Fig. 3.4), which corresponds to
the configuration to reach 50 MWth power operation. Besides criticality, control
rod worth and sodium void reactivity benchmark problems, the JOYO facility
also provided measures of the coefficients of isothermal temperature reactivity and
burnup, both of which are very rare and almost unique among the cases included
in the LMFR evaluations of the IRPhE.
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Figure 3.4: Core configuration of the JOYO 70 fuel assembly experiment [55].

3.1.6 SNEAK

At the Karlsruhe Fast Critical Facility, two fast-critical experiments were con-
structed under the names SNEAK 7A and 7B. Both configurations employed
PuO2-UO2 fuel and metallic depleted uranium as reflector. SNEAK, the acronym
for Fast Zero-Power Facility Karlsruhe in German, was a zero-power research in-
stallation dedicated to reactor-physics investigations and mock-up studies. The
facility operated between 1966 and 1985, while the experimental campaigns for
SNEAK-7A and SNEAK-7B were conducted in 1970 and 1971, respectively. The
SNEAK reactor was a fixed vertical assembly with fuel elements suspended from a
grid plate. Platelets of various thicknesses were stacked horizontally within square
fuel element tubes. In SNEAK-7A, the core unit cell consisted of one PuO2-UO2

platelet (26.6% PuO2) and one graphite platelet, of different thicknesses. Radial
and axial blankets were loaded with depleted UO2 plates. In SNEAK-7B (Fig. 3.5,
the graphite platelet in the cell of the 7A configuration was replaced by a 0.6256
cm thick UO2 slab (natural uranium was employed), resulting in an average Pu-
enrichment of about 13%. By leveraging the extremely simple and clean nature
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of the adopted configurations, an extensive experimental program was completed
in both cores, obtaining high-quality data for code validation of different integral
parameters.
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Figure 3.5: Core configuration and cross-cut of the SNEAK-7B experiment [55].
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3.1.7 ZEBRA

The ZEBRA (Zero Energy Breeder Reactor Assembly) installation was a British
fast-spectrum critical facility that operated from 1962 to 1982. It served primarily
as an experimental platform for the validation of fast reactor neutronics methods.
The facility was designed with considerable geometric and compositional flexibil-
ity, enabling the construction of cores, fertile blankets, and shielding arrangements
over a broad range of material combinations and dimensional scales. Regarding
the ZEBRA-001 experimental campaign, four assemblies were realized, designated
from 22 to 25.Each configuration had an active core zone enclosed by a surround-
ing blanket region and additional layers of steel and shielding materials, thereby
establishing a controlled and well-characterized experimental environment. De-
pending on the specific assembly, the core and breeding regions were implemented
either using plate-type fuel elements or pin-cell lattice arrangements.

• Assembly 22: fuel in plate form and included sodium.

• Assembly 23: pin form (most of the material in the core) and also included
sodium.

• Assembly 24: differed from Assembly 22 because the sodium plates were
replaced by “dummy plates” having the same size and containing the same
amount of steel but no sodium, in order to simulate a completely voided
configuration.

• Assembly 25: differed from Assembly 23, having the sodium regions of the
Assembly 23 elements being voided.

The core regions of Assemblies 22 and 24 were essentially uniform. In contrast,
Assemblies 23 and 25 had outer rings made of plates enclosed within thin steel
cladding, forming structural elements approximately 5 × 5 cm in cross section and
about 3 m in length, and used mini-calandria containing groups of 4x4 pins having
different plutonium enrichments in different regions of the core. The surrounding
blanket and shielding zones were dimensioned to be sufficiently thick to decou-
ple the core neutron field from any external materials beyond the shield, thereby
minimizing boundary effects on the measured neutronic characteristics. Nine con-
trol rods were present. Between 1971 and 1973, a further series of experiments
was made in the ZEBRA facility during the MOZART Programme. This was a
joint project between UKAEA and PNC to support the design of MONJU, the
Japanese sodium-cooled, plutonium-uranium oxide-fueled fast reactor. The mea-
surements were performed in three phases called MZA, MZB, and MZC. MZA had
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a one-region core, without control rods, with metal plutonium fuel and UO2 plates
arranged in a quite complex configuration; MZB had instead a two-region core,
without control rods and with the same fuel and a similarly complex geometrical
arrangement. In the MZC configuration, the reactivity worth of MONJU mock-up
control rods was measured. The three versions also differed in the radial blanket
arrangement.

3.1.8 ZPR

The Zero Power Reactor (ZPR) was constructed at the Argonne National Labo-
ratory, Idaho (USA), to support fast reactor development and nuclear data vali-
dation. From 1966 to 1996 over a hundred different assemblies were built at the
facility, including ZPR-6, ZPR-6, ZPR-9 and ZPPR.

ZPR-3 Assembly 48 and its variants, 48A and 48B, were the first in a series of
plutonium-fueled assemblies constructed in ZPR-3 to provide integral data for
benchmarking fast reactor calculation methods and data. The core of ZPR-3a48
consisted of small plates of Pu-Al alloy, Pu-U-Mo alloy, graphite, depleted uranium
and sodium loaded into stainless steel drawers which were inserted into square
stainless steel tubes in a 31 x 31 matrix. The core was surrounded by thick depleted
uranium radial and axial blankets. ZPR-3 Assembly 48A (ZPR-3/48A) had the
same core loading as ZPR-3/48. At the end of the ZPR-3a48A measurement
program, ZPR-3 Assembly 48B (ZPR-3/48B) was constructed by restoring the
full depleted uranium radial blanket and by replacing the first 6 in. (152.4 mm) of
the column of standard Pu-Al fuel plates by highly enriched, in the 240Pu isotope,
Pu-Al fuel plates in the central 37 core drawers.

ZPR-3 Assembly 56B (ZPR-3/56B) was part of a series of critical experiments
performed to support the design of the Fast Test Reactor, as was initially desig-
nated the reactor part of the FFTF plant. The geometry of Assembly 56B was
relatively simple, and the principal materials used were limited to Pu-U-Mo alloy
fuel, sodium, sodium carbonate, iron oxide, depleted U3O8, nickel, along with the
stainless steel in the matrix tubes, drawers and claddings.

Finally, the ZPR-6 Assembly 7 (ZPR-6/7) comprises a series of experiments per-
formed at the ZPR-6 facility between 1970 and 1971 as part of the Demonstra-
tion Reactor Benchmark Program. Assembly 7 simulated a large sodium-cooled
LMFR with MOX fuel, depleted uranium radial and axial blankets, and a core
with a height-to-diameter ratio near unity. ZPR-6a7(1) had a highly homogeneous
core constituted of small plates of depleted uranium, sodium, iron oxide, depleted
U3O8, and Pu-U-Mo alloy loaded into stainless steel drawers. The lattice design
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employed a straightforward and symmetric unit cell, with the neutron balance pri-
marily governed by the fissile contribution of 239Pu and the fertile component 238U.
The core was surrounded by thick radial and axial reflectors of depleted uranium
to simulate radial and axial blankets and to isolate the core from the surround-
ing room. Also, a second configuration of ZPR-6a7, named ZPR-6a7(2), with the
innermost region of the core loaded with plutonium fuel highly enriched in the
240Pu isotope, similarly to ZPR-3a48B (Fig. 3.6), was experimentally investigated
in order to better validate the specific isotope-related nuclear data.Basis 1 0 0

0 1 0
Extent 100 100
Origin 85.6 86.16 6.24

basis XY
Color: Material

ZPR-LMFR-EXP-003-002 (ZPR-3a48B) Loading 006 03/01/67 - BENCHMARK MODEL

Figure 3.6: Core configuration of the ZPR-3/48B experiment [55].

3.1.9 ZPPR

The ZPPR (Zero Power Plutonium Reactor) program began in March 1969 at Ar-
gonne National Laboratory in Idaho, USA. The facility represents an enhancement
over the previous ZPR facility, sharing the same fuel type and the plate-drawer
core design, to examine the nuclear properties of large Fast Breeder Reactor cores.
Most of its earlier assemblies (i.e., assemblies 2 through 8 and assemblies 11 and 12)
supported the Demonstration Reactor Benchmark Program and the Clinch River
Breeder Reactor. Accepted as benchmarks are the ZPPR-010(12) and ZPPR-
011(2)configurations. The ZPPR-010(12) one-region core consisted of Pu-U-Mo
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alloy, sodium, and iron oxide plates with depleted U3O8 radial and axial blankets
surrounded by steel reflectors.

The ZPPR-011(2) core had a cylindrical shape simulating a two-region configu-
ration. It consisted of depleted U3O8, iron oxide, sodium, and Pu-U-Mo alloy
plates with different fuel volume fractions in the inner and outer core regions.
Axial and radial blankets made of depleted U3O8, depleted uranium metal, iron
oxide, and sodium plates were also present, surrounded by a reflector of mild steel
blocks loaded directly into the matrix tubes. In Fig. 3.7 the core configuration of
ZPPR-11(2) is represented.Basis 1 0 0

0 1 0
Exten

t
190.22 190.22

Origi
n
128.
44

147.
53

100

basis XY
Color: Material

MIX-COMP-FAST-006 - ZPPR-02 L090 9 Oct 1970

Figure 3.7: Core configuration of the ZPPR-2 experiment [55].

Other experiences on the ZPPR reactor were carried out in the framework of the
JUPITER cooperative program, a joint research effort between Japan and the
USA. Between 1978 and 1988, this initiative involved the construction of twenty-
one zero-power experimental sodium-cooled cores for which various kinds of inte-
gral parameters were measured and evaluated as benchmarks.

Globally, experiments were divided into four series. The first one, named JUPITER-
I (ZPPR-9 through ZPPR-10D/2), was a set of critical experiments simulating
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cores of typical sodium-cooled commercial reactors of size between 600 and 800
MWe, with a two homogeneous zones configuration, thus including only MOX
driver fuel assemblies in the active part of the core.

The following experimental campaign, designated JUPITER-II (ZPPR-13A through
13C), included six SFR core models with 650MWe of power, characterized by radial
heterogeneity, and where different blanket regions were tested. The third phase
of experiments, named JUPITER-III (ZPPR-17A through ZPPR-18C), comprised
critical models simulating 650 MWe cores with enriched uranium used for the outer
zones of the active regions. Finally, the JUPITER-IV series (ZPPR-19A through
ZPPR-19B) consisted of five large models (representative of a 1000 MWe class
SFR), making them the largest fast-spectrum critical configurations realized at
that time.

3.2 Heuristic evaluation

The conclusions from the heuristic evaluation of the LMFR database, based on
the criteria outlined in Section 3.1, are concisely presented for each facility in
Table 3.1. To facilitate the identification of the experiments taken into account
during the evaluation, Table 3.1 reports the IRPhE identification code in the first
column, while the case label is provided in the second column. The short name
version will be referred to from now on in this thesis. The third column indicates
if the experiment has been chosen or not, and the final column is dedicated to the
main reasons influencing each decision.

Table 3.1: Selection of the facilities with heuristic motivation

IRPhE Identification Case label Selected Motivation

BFS1-LMFR-EXP-001 BFS-73-1 No Expected low represen-
tativeness (metal ura-
nium fuel and no control
rods)

BFS1-LMFR-EXP-002 BFS-61-0 Yes Expected good represen-
tativeness as one of the
few configurations with
lead in the core

BFS1-LMFR-EXP-002 BFS-61-1 Yes Same considerations as
for BFS-61-0
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BFS1-LMFR-EXP-002 BFS-61-2 Yes Same considerations as
for the BFS-61-0 config-
uration, even if the blan-
ket, instead of a lat-
eral reflector, could af-
fect spectrum hardness

BFS2-LMFR-EXP-001 BFS-63-3A No Low representativeness
expected due to four
core rings with different
levels of enrichment and
the reflector asymmetry

BR2-LMFR-RESR-001 BR2 No Expected low represen-
tativeness: the core is
small with respect to
ALFRED, which could
have a significant effect
on the spectrum

EBR2-LMFR-RESR-001 EBR2 No Low representative-
ness expected (metal
uranium fuel, fuel is
partially burnt, and the
core is not symmetric)

FFTF-LMFR-RESR-001 FFTF Yes Good representativeness
expected since MOX fuel
is used, and it is one of
the few power reactors
(400 MWt)

JOYO-LMFR-RESR-001 JOYO 64 Yes Sufficient representa-
tiveness expected (MOX
pins with stainless steel
cladding, and it is a
power reactor)

JOYO-LMFR-RESR-001 JOYO 70 Yes Same considerations as
for JOYO 64

SNEAK-LMFR-EXP-001 SNEAK 7A Yes Sufficient representative-
ness expected (core is
made of plates of MOX)

SNEAK-LMFR-EXP-001 SNEAK 7B Yes Sufficient representative-
ness expected (core is
made of plates of MOX
and depleted UO2)
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ZEBRA-LMFR-EXP-001 ZEBRA 22 No Discarded for complying
with the need of spread-
ing measurements over
different experiments so
that pin-type configura-
tions are preferred (see
ZEBRA 23 and 25)

ZEBRA-LMFR-EXP-001 ZEBRA 23 Yes Expected sufficient rep-
resentativeness due to
the MOX pins

ZEBRA-LMFR-EXP-001 ZEBRA 24 No Same considerations as
ZEBRA 22

ZEBRA-LMFR-EXP-001 ZEBRA 25 Yes Expected sufficient rep-
resentativeness due to
the MOX pins

ZEBRA-LMFR-EXP-001 ZEBRA 11 No Very complex geometry.
Low representativeness
expected due to metallic
fuel in plates

ZEBRA-LMFR-EXP-001 ZEBRA 12 No Same considerations as
for ZEBRA 11

ZEBRA-LMFR-EXP-002 ZEBRA 12/4 No Very complex geometry
Considerations on rep-
resentativeness shared
with ZEBRA 11

ZEBRA-LMFR-EXP-002 ZEBRA 12/5 No Same considerations as
ZEBRA 12/4.

ZPR-LMFR-EXP-001 ZPR-6/7(1) Yes Good representativeness
expected (fuel contains
Pu and U, one region
core)

ZPR-LMFR-EXP-002 ZPR-6/7(2) Yes Same considerations as
ZPR-6/7(1) and 240Pu
enriched inner core zone

ZPR-LMFR-EXP-003 ZPR-3/48 No Sufficient representa-
tiveness expected, but
discarded for avoiding
information duplication
with configuration with
ZPR-3/56B
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ZPR-LMFR-EXP-003 ZPR-3/48B Yes Good representativeness
expected (two regions
core, symmetric config-
urations, fuel containing
Pu and U)

ZPR-LMFR-EXP-004 ZPR-3/56B Yes Good representative-
ness expected (fuel cell
composition, one region
core)

ZPPR-LMFR-EXP-001 ZPPR-10A Yes High representativeness
expected (two core
regions like ALFRED,
symmetric control rods,
fuel cell compositions)

ZPPR-LMFR-EXP-002 ZPPR-9 Yes Good representativeness
expected due to the
simple core map (di-
vided into two regions)
and fuel cell composition
that simulates MOX fu-
els

ZPPR-LMFR-EXP-003 ZPPR-18A No Low representativeness
expected due to asym-
metry in the outer region
core

ZPPR-LMFR-EXP-004 ZPPR-19B No Low representativeness
expected (heterogeneous
outer region core and
core extremely large
compared to ALFRED)

ZPPR-LMFR-EXP-005 ZPPR-10B No Discarded for the model-
ing effort required

ZPPR-LMFR-EXP-006 ZPPR-10C No Discarded for the model-
ing effort required

ZPPR-LMFR-EXP-007 ZPPR-13A No Low representativeness
expected (complex and
heterogeneous core with
internal blankets)

ZPPR-LMFR-EXP-008 ZPPR-18C No Same considerations as
ZPPR-18A
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ZPPR-LMFR-EXP-009 ZPPR-7A No Low representativeness
expected (complex and
heterogeneous core with
internal blankets)

ZPPR-LMFR-EXP-010 ZPPR-12 Yes Good representativeness
expected (fuel cells com-
positions, single core re-
gion, symmetric configu-
ration)

ZPPR-LMFR-EXP-011 ZPPR-2 Yes Good representativeness
expected (two core re-
gions, fuel cells compo-
sitions, and symmetric
configuration)

After the selections from the LMFR facilities, MCNP criticality calculations were
performed. Table 3.2 shows the percentage of neutrons giving fissions in thermal
(< 0.625 eV), epithermal (0.625 eV - 100 keV), and fast (> 100 keV) energy ranges.
The values are obtained from the simulations to confirm the fast spectrum char-
acteristics expected from the heuristics evaluation and to compare them with the
application case ALFRED.

3.3 Representativeness

To quantify the similarity between an experiment (E) and the reference application
case (R), a correlation factor is used based on the nuclear data sensitivities and
the nuclear data covariance matrix. This quantity is called the representativeness
or representativity factor, R, and it is defined as follows:

RR,E(Q) =
SQ,ECOVααS

T
Q,R√(

SQ,RCOVααST
Q,R

) (
SQ,ECOVααST

Q,E

) (3.1)

where Q is the integral response with respect to which the representativeness
between the two reactors (experimental maquette and reference) is compared - in
this work, we are referring to the keff; SQ,E and SQ,R are the sensitivity vectors
relative to the keff for the experimental facility E and the reference reactor R,
respectively; COVαα is the covariance matrix which includes cross-section variances
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Table 3.2: Selected cases from LMFR facilities of IRPhE Handbook - fission spectrum
characteristics obtained from MCNP simulations

Case label Thermal [%] Epithermal [% ] Fast [%]

BFS-61-0 0.0 32.5 67.5
BFS-61-1 0.0 31.8 68.2
BFS-61-2 0.0 31.2 68.8
FFTF 0.0 40.6 59.4
JOYO 64 0.0 36.1 63.9
JOYO 70 0.0 35.4 64.6
SNEAK 7A 0.0 33.8 66.2
SNEAK 7B 0.0 32.6 67.4
ZEBRA 23 0.0 31.9 68.1
ZEBRA 25 0.0 26.4 73.6
ZPPR-10A: Loading 7 0.0 41.3 58.7
ZPPR-9: Loading 13 0.0 40.5 59.5
ZPPR-12: Loading 9 0.0 31.1 68.9
ZPPR-2: Loading 90 0.0 39.9 60.1
ZPR-6/7(1) 0.0 41.2 58.8
ZPR-6/7(2): Loading 99 0.0 40.6 59.4
ZPR-3/48B: Loading 6 0.0 34.3 65.7
ZPR-3/56B: Loading 17 0.0 40.8 59.2

ALFRED 0.0 40.7 59.3

and covariances for the isotopes that are present in both experimental and reference
reactor. The closer the defined coefficient is to unity (in absolute value), the better
the experimental facility reproduces the conditions of the reference reactor for the
parameter under observation.

In this study, the computation of the representativeness has a twofold purpose:
first, it allows for quantifying the similarity that up to this point, in first instance,
was simply a qualitative evaluation; secondly, it is helpful for the implementation
of the data assimilation tool presented in Chapter 2, where benchmark cases need
to be introduced from the most similar to the least. As regards the second pur-
pose, the correlation factor was calculated for all the experiments screened by the
heuristic method, by considering two different sets of isotopes. The results are
reported in Tables 3.3 and 3.4.

In Table 3.3, the covariance matrix and sensitivity vectors contain all thirteen
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Table 3.3: Representativeness of the screened experiments to ALFRED (using 13 iso-
topes in common)

Experimental maquette Representativeness

ZPR-6/7(2) 0.9784
ZPPR-2 0.9760
ZPR-6/7(1) 0.9749
ZPPR-10A 0.9741
ZPPR-9 0.9738
BFS-61-1 0.9581
ZEBRA-23 0.9557
FFTF 0.9555
BFS-61-0 0.9540
BFS-61-2 0.9525
ZPR-3/48B 0.9467
ZPR-3/56B 0.9436
ZPPR-12 0.9389
SNEAK-7B 0.9380
ZEBRA-25 0.9267
SNEAK-7A 0.8863
JOYO 70 0.6258
JOYO 64 0.6139

isotopes that are in common for each of the modeled experiments. In contrast, in
Table 3.4, only the five actinides present among the materials of all the calculated
benchmark cases were included. The mentioned actinides are 235U,238U, 239Pu,
240Pu and 241Pu. Since these isotopes are the main contributors to the uncertainty
due to the nuclear data, this approach was meant to investigate any differences in
using a restricted (but meaningful) set of isotopes regarding the representativeness
ranking and to evaluate any impact on the data assimilation outputs.

Finally, it is worth noting that the representativeness coefficients obtained are
in general good agreement with the representativeness calculated in similar stud-
ies [97]. In the cited work, the sensitivity coefficients are computed with the
deterministic code ERANOS using the same library (ENDF/B-VIII.0), and the
reference reactor is the same (ALFRED).
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Table 3.4: Representativeness of the screened experiments to ALFRED (using 5 ac-
tinides)

Experimental maquette Representativeness

ZPPR-2 0.9771
ZPR-6/7(1) 0.9758
ZPPR-9 0.9751
ZPPR-10A 0.9750
ZPR-3/56B 0.9648
FFTF 0.9630
BFS-61-1 0.9614
BFS-61-0 0.9575
ZEBRA-23 0.9572
BFS-61-2 0.9559
ZPR-3/48B 0.9503
ZPR-6/7(2) 0.9503
ZPPR-12 0.9418
SNEAK-7B 0.9415
ZEBRA-25 0.9279
SNEAK-7A 0.8934
JOYO 70 0.6271
JOYO 64 0.6159

3.4 Reactivity coefficients and effects

In the IRPhE handbook, reactivity coefficients, namely temperature and burnup,
and reactivity effects, which comprise control rod, sodium voiding, fuel worth, and
other material samples measurements, are collected into two different sections (re-
spectively, COEF and REACT). However, both categories significantly contribute
to the experiments available for evaluating the accuracy of the neutronics code in
predicting the reactivity behavior due to these phenomena. In the following para-
graphs, the three parameters computed and analyzed in this study are presented.

Control Rod Worth
There are around 50 control rod worth measurements taken from nine different
facilities. While benchmarks for control rods are not commonly used for nuclear
data verification and adjustment, they are crucial to confirm the ability of codes
to predict the effectiveness of these fundamental safety systems. FFTF, JOYO,
ZPPR, and ZPR reported control rod worth experiments with uncertainties be-
tween 1% and 5%. In this work, only a restricted selection of these cases was
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simulated, trying to favor different insertion configurations and conditions while
minimizing the modeling effort required.

Coolant Void
On the other hand, coolant void benchmarks are paramount for nuclear data val-
idation and reactivity effects accuracy evaluation. The only coolant for which
benchmarks are present in IRPhE is sodium. The handbook reports 16 sodium
void reactivity measurements made in 4 different facilities. Sodium void measure-
ments are often used for nuclear data adjustment of sodium and plutonium cross
sections, especially for SFR applications [98, 99, 100]. Tab. 3.5 summarizes the
LMFR cases of interest. As well as for the control rods, a smaller number of
experiments were reproduced compared to the total availability.

A pertinent question that may arise from the decision to incorporate these experi-
ments into the validation efforts for LFRs is the rationale behind including sodium
voiding effects in this research.

In the absence of dedicated experimental benchmark data for the coolant void
reactivity coefficient in LFR, given the physical analogies between the two systems,
using void coefficient experiments from SFR could be the only available choice
to not neglect a key phenomenon of paramount safety relevance [64]. In fact,
both SFRs and LFRs operate in a fast neutron spectrum and employ a liquid-
metal coolant, thus sharing several neutronic feedback mechanisms, including those
depending on coolant density changes [101].

But the lack of alternatives is not the only reason. Analyzing in more depth the
phenomenon from a physical standpoint, coolant voiding involves the superposi-
tions of three effects:

• reduction of captures in the coolant by coolant removal (positive effect in
reactivity, very much coolant-dependent);

• increase in fissions in the fuel by spectrum hardening following the lack of
slowing down in the coolant (positive effect in reactivity, pretty less coolant-
dependent);

• increase of leakage from the core by overall increase of the neutrons mean
free path (negative effect in reactivity, pretty less coolant-dependent).

While the first effect depends on the coolant, and its contribution to the represen-
tativeness of experiments with sodium against ALFRED would be minimal, the
two other effects could still be well captured in the available experiments, that
therefore could provide - to the extent allowed by the geometrical core configura-
tions of the available experimental maquettes - potentially meaningful insights into
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the code capability to reproduce the experimental results, and possibly transpose
them to the LFR applicability domain.

Table 3.5: Coolant void reactivity benchmarks in the IRPhE handbook.

Facility Material Uncertainty

BFS2 Sodium ∼ 10%
JOYO Sodium ∼ 30%

ZEBRA Sodium ∼ 5%
ZPPR Sodium ∼ 5%
ZPR Sodium ∼ 10%

Temperature Reactivity
For the isothermal temperature coefficient (ITC), approximately 50 measurements
from eight facilities are available. Unfortunately, only two of them are among
LMFRs: FFTF and JOYO. Both the system responses to changes are for increases
in the total system temperature. For FFTF the temperature range is ±30 K with
∼ 2% of uncertainty, while for JOYO the experimental difference is 80 K with
∼ 5% uncertainty.

3.5 Other parameters

As explained in Section 2.4.2, for eigenvalue problems, MCNP does not have the
capability to compute sensitivity coefficients relative to reaction rates or spectral
indices. However, to complete the description of the cases available in the IRPhE
database, these reactor physics fundamental parameters are briefly described be-
low. The purpose is to provide the reader with a comprehensive record of the
available measurements that might be of interest for future evaluations, such as
comparisons in terms of C/E ratios or for neutronics codes that can compute
sensitivities for different quantities as well.

Kinetics Parameters
Since they influence the reactor transient response, kinetic parameters are crucial
for assessing the safety of nuclear reactors. The fraction of delayed neutrons and
their time constants are frequently integrated into the analysis of various experi-
mental outcomes, where understanding these kinetic parameters helps to separate
the measured signals into reactivity. Benchmarking of the βeff is sometimes con-
ducted; however, additional efforts are needed to clarify the uncertainties present
in the data.

89



CHAPTER 3. EXPERIMENTS SELECTION FROM IRPHE

Among the LMFR section, there are only two available measurements of the
delayed neutron fraction. The facilities that measured the βeff are BFS2 and
SNEAK, with 2% and 5% of experimental uncertainty, respectively. Over the
IRPhE database, the number of cases valid as benchmarks increases up to eight.

Reation Rate and Power Distributions
Reaction rate measurements play a fundamental role in the characterization and
validation of reactor physics models. Several types of experiments contribute to
this objective, including flux mapping, fission chamber scans, and both fine- and
macro-structure wire activation analyses. These experiments are essential for ac-
curately characterizing the spatial distribution of the neutron flux and serve as
a key reference for validating nuclear data and computational codes. Their rel-
evance is particularly pronounced near material interfaces — such as within the
core region or close to structural components, where flux gradients and spectral
effects are more significant. Furthermore, fine-structure measurements of reaction
rates and power distributions within reactor fuel provide valuable benchmarks for
assessing fuel performance models.

The LMFR facilities that reported benchmarked values are: BFS, SNEAK, ZE-
BRA, ZPPR, and ZPR. An overview of the available datasets, covering both reac-
tion rates and spectral indices, is summarized in Table 3.6. To illustrate the type
of analysis that can be performed with a neutronics code, Figures 3.8 and 3.9
present an example of the radial distribution of normalized reaction rates from the
SNEAK-7B configuration, as calculated with MCNP, the reference code employed
in this study. In particular, Figure 3.9 presents the calculated-to-experimental
trends for the f28 (fissons of 238U), f49 (fissions of 239Pu), and c28 (captures of
238U) reaction rates, highlighting a systematic overestimation by the code at spe-
cific positions. Overall, the calculations reproduce the experimental distributions
well; however, as the distance from the reactor core increases, the absolute reaction
rates decrease, and the predictive accuracy correspondingly diminishes. However,
these results cannot be further utilized in this work due to the previously men-
tioned computational limit of MCNP in calculating sensitivity profiles.

Spectral indices
Reactor systems are usually compared based on their neutron spectrum, which is
not easy to measure experimentally, and even less trivial to quantitatively manage
in a study like the present, due to the manifold data needed to correctly repre-
sent the information. Spectral characteristics can instead permit comparisons and
studies, which are more relevant the more these characteristics are well represented
by single parameters. Among those, spectral indices - representing the ratio of re-
action rates - are a very good means for quantitative comparisons: if the reaction
rates to relate are properly chosen so that their ratio can well provide a proxy for

90



CHAPTER 3. EXPERIMENTS SELECTION FROM IRPHE

0 10 20 30 40
Radial position [cm]

0.2

0.4

0.6

0.8

1.0

Re
ac

tio
n 

ra
te

 n
or

m
al

ize
d 

to
 c

en
tra

l v
al

ue

Reaction Rate comparison between experimental and calculated values
f28 - Benchmark
f28 - MCNP

0 10 20 30 40
Radial position [cm]

0.2

0.4

0.6

0.8

1.0

Re
ac

tio
n 

ra
te

 n
or

m
al

ize
d 

to
 c

en
tra

l v
al

ue

Reaction Rate comparison between experimental and calculated values
f49 - Benchmark
f49 - MCNP

0 10 20 30 40
Radial position [cm]

0.2

0.4

0.6

0.8

1.0

Re
ac

tio
n 

ra
te

 n
or

m
al

ize
d 

to
 c

en
tra

l v
al

ue

Reaction Rate comparison between experimental and calculated values
c28 - Benchmark
c28 - MCNP

Figure 3.8: Reaction rates for SNEAK-7B, radial distribution from the core center
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Figure 3.9: Radial reaction rates C/E trend of measurements in SNEAK-7B

the neutron spectrum, spectral indices can be very effectively used, also thanks
to the possibility for their direct measurement with different techniques (the most
common of which being activation foils) at different positions.

The IRPhE handbook reports 233 spectral characteristics measurements performed
among 15 facilities. Most of the measurements are reaction rates relative to either
f49 (239Pu fission) or f25 (235U fission). Specific reaction rate measurements are
presented in Tab. 3.6.

Burnup
In the whole reactor physics handbook, only two cases exist for burnup reactivity,
one of which is for the JOYO 70 configuration. The measurements are taken
compared to the control rod Worth, and the typical uncertainty is ∼ 3%.
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Table 3.6: Spectral characteristic experimental benchmarks in the IRPhE handbook.

Facility Spectral index Reaction Rate Uncertainty

BFS f51/f49, f53/f49, c37/f49,
f37/f49, f49/f25, c28/f49,
f28/f25, f40/f49, f41/f49,
f42/f25, f23/f25, f64/f49,
f48/f49, c28/f25

f25, f28, f49 ∼3%

SNEAK f49/f25, f28/f25, c28/f25 c28, f28, f49 ∼3%

ZPPR c28/f49, f28/f25, c28/f25 f28, c28, f28, f49 ∼3%

ZPR c28/f49, f28/f25, c28/f25,
c28/f28

f28, c28, f28, f49 ∼3%

Legend: f=fission, c=capture,
23=233U, 25=235U, 28=238U, 37=237Np,

40=240Pu, 41=241Pu, 42=242Pu, 48=238Pu, 49=239Pu
51=241Am, 53=243Am, 64=244Cm.
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Chapter 4

Results and Discussion

This chapter presents and discusses the main results obtained from the analysis of
the benchmark calculations and associated uncertainty quantification. The com-
parison between calculated and experimental values, expressed as the calculation-
over-experiment (C/E) ratio, is first carried out for the effective neutron multi-
plication factor, providing an assessment of the uncertainties. Subsequently, the
results obtained for the reactivity effects control rod worth (CRW), sodium void re-
activity (SVR), and isothermal temperature coefficient (ITC) are discussed. Then,
Section 4.5 will provide an overview of the accuracy of the MCNP calculations for
the different parameters taken into account. Finally, the Generalized Linear Least
Squares approach is presented.

The uncertainties considered here are:

• Experimental uncertainty σE: it is the uncertainty associated with the
benchmark cases reported in IRPhE.

• Statistical uncertainty σstat: the standard deviation of the Monte Carlo
simulations.

• Nuclear Data uncertainty σND: it is the one calculated with the sand-
wich rule with the given covariance matrix and the sensitivity coefficients
calculated with MCNP.

The total uncertainty of the C/E ratios is calculated as follows:

σC
E
=

C

E

√(σC

C

)2
+
(σE

E

)2
, (4.1)
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where σC , the uncertainty associated with the calculation, is expressed as:

σC =
√
σ2
stat + σ2

ND, (4.2)

given the independence between the two sources of uncertainties.

4.1 Effective multiplication factor

The results of the C/E analysis for keff are summarized in Table 4.1 and visually
represented in Figure 4.1. The C/E values range from approximately 0.994 to
1.011, indicating a strong agreement between calculated and experimental results,
with the majority of benchmarks showing the absolute deviation of the calculated-
to-experiment ratio (C/E − 1) values well below 1%. Figure 4.1 highlights that
the computational set-up tends to underestimate the benchmark value: for 83.3%
of the cases C/E is below 1, while the other 16.7% (three cases) are above 1.
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Figure 4.1: C/E values for keff

The total uncertainties, expressed both in pcm and in percentage, are relatively
consistent across all benchmarks, ranging from 700 to 940 pcm. When compared
to these uncertainties, most deviations fall within the margins of error, confirming
that the observed differences are statistically acceptable. As shown in Figure 4.2,
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Table 4.1: keff results: C/E and total uncertainties

Case label C/E C/E-1
[%]

Uncertainty
(total)
[pcm]

Uncertainty
(total) [%]

BFS-61-0 0.99688 -0.31 936 0.94
BFS-61-1 1.01052 1.05 922 0.91
BFS-61-2 1.01067 1.07 920 0.91
FFTF 0.99680 -0.32 861 0.86
JOYO 64 0.99400 -0.60 705 0.71
JOYO 70 0.99387 -0.61 697 0.70
SNEAK 7A 1.00131 0.13 916 0.91
SNEAK 7B 0.99925 -0.07 911 0.91
ZEBRA 23 0.99960 -0.04 800 0.80
ZEBRA 25 0.99914 -0.09 805 0.81
ZPPR-10A 0.99681 -0.32 878 0.88
ZPPR-9 0.99695 -0.31 885 0.89
ZPPR-12 0.99711 -0.29 832 0.83
ZPPR-2 0.99906 -0.09 848 0.85
ZPR-6/7(1) 0.99719 -0.28 866 0.87
ZPR-6/7(2) 0.99555 -0.45 845 0.85
ZPR-3/48B 0.99971 -0.03 854 0.85
ZPR-3/56B 0.99641 -0.36 872 0.88

C/E − 1 values for keff are compared with the corresponding total uncertainty
for each experimental case. The dark blue bars represent the magnitude of the
deviation, while the light blue bars indicate the total uncertainty associated with
each calculation.

Overall, the results reveal that for sixteen out of eighteen benchmarks, the de-
viations remain within the estimated uncertainty margins, suggesting a generally
good consistency between calculated and experimental values. However, a few
benchmarks, BFS-61-1 and BFS-61-2 specifically, exhibit significantly larger dis-
crepancies, with absolute C/E − 1 values exceeding 1000 pcm. These deviations
may indicate possible modeling approximations or nuclear data issues specific to
these configurations. Nevertheless, in the IRPhE Handbook [55], previous calcu-
lations with MCNP5 and older ENDF/B libraries could suggest that the nuclear
data could strongly affect the accuracy of the results. For example, when simulat-
ing the same model using ENDF/B-VII.0, the C/E − 1 is around 920 pcm, while
for ENDF/B-VI.6, the absolute C/E − 1 is much closer (∼100 pcm).
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Figure 4.2: keff results: total uncertainty

Table 4.2 and Figure 4.3 present the decomposition of the total keff uncertainty
into its three main components: experimental, statistical, and nuclear data con-
tributions. The results clearly indicate that the nuclear data uncertainty is the
dominant source across all benchmark cases, typically ranging between 670 and
890 pcm. This component accounts for the vast majority of the total uncertainty
observed in the previous analyses, confirming that the precision of nuclear data
plays a critical role in determining the overall accuracy of the keff predictions. The
experimental uncertainty is considerably smaller, generally between 70 and 400
pcm, depending on the benchmark. The statistical uncertainty is consistently be-
low 20 pcm and negligible in comparison to the other sources of uncertainties (it
was excluded from Figure 4.3 indeed), demonstrating excellent convergence and
computational robustness in all cases.
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Table 4.2: keff results: uncertainties divided by source (absolute value)

Case label Experimental
Uncertainty
[pcm]

Statistical
Uncertainty
[pcm]

Nuclear Data
Uncertainty
[pcm]

BFS-61-0 290 6 891
BFS-61-1 290 5 874
BFS-61-2 290 6 872
FFTF 210 5 835
JOYO 64 180 3 682
JOYO 70 180 4 672
SNEAK 7A 350 19 847
SNEAK 7B 400 2 821
ZEBRA 23 127 5 791
ZEBRA 25 131 5 795
ZPPR-10A 150 5 866
ZPPR-9 154 4 873
ZPPR-12 80 5 829
ZPPR-2 70 5 846
ZPR-6/7(1) 87 5 862
ZPR-6/7(2) 90 5 841
ZPR-3/48B 120 4 831
ZPR-3/56B 150 4 853
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Figure 4.3: keff results: nuclear data uncertainty and experimental uncertainty
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4.2 Control rod worth

The analysis of the control rod worth (CRW) results reveals a generally good
consistency between the calculated and experimental values across the benchmark
facilities and configurations, JOYO, FFTF, ZPPR-9, and ZPPR-10A. As shown
in Table 4.3, the calculation-over-experiment ratios mostly range between 0.95
and 1.05, indicating that the Monte Carlo simulations performed with MCNP
reproduce the measured values within a few percent. This level of agreement is
satisfactory, suggesting that the adopted nuclear data and modeling assumptions
are adequate for CRW estimation across different reactor configurations.

In Figure 4.4, trends can be detected when observing the facility taken into ac-
count. The following bullet points summarize the findings.

• FFTF cases: the C/E values all score below unity, with a spread (0.93–0.98)
systematically larger compared to the other cases, with deviations up to
7%, and total uncertainties ranging from ∼6% to 10%. This is also due
to the experimental uncertainty contribution, which is predominant in the
propagation of the total uncertainty.

• JOYO cases: the C/E ratios are also all slightly below unity (0.96–0.99),
suggesting a moderate underprediction of the control rod worths by the
simulations. The associated total uncertainties are between 3 and 4.5%,
dominated by experimental and nuclear data components, while statistical
uncertainties are negligible.

• ZPPR-9 and ZPPR-10A cases: benchmarks from both configurations,
which overall exhibit the best agreement, tend to overestimate the measured
CRW. All C/E ratios are above unity (1.01–1.05) and bring low total un-
certainties (2–3%), confirming the good performance of the computational
framework.
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Table 4.3: Control Rod Worth C/E results

Facility Experiment C/E C/E-1
[%]

Total
Unc. [$]

Total
Unc.
[%]

FFTF State 1 - case 1 0.979 -2.08 0.061 6.21
FFTF State 1 - case 2 0.954 -4.60 0.057 5.94
FFTF State 1 - case 3 0.959 -4.15 0.063 6.55
FFTF State 1 - case 4 0.928 -7.18 0.064 6.89
FFTF State 1 - case 5 0.960 -3.96 0.096 10.02
FFTF State 1 - case 6 0.968 -3.15 0.057 5.86
FFTF State 1 - case 7 0.966 -3.35 0.056 5.80
FFTF State 1 - case 8 0.956 -4.40 0.057 5.97
FFTF State 1 - case 9 0.966 -3.40 0.054 5.64
FFTF State 1 - case 10 0.947 -5.33 0.055 5.78
FFTF State 1 - case 11 0.975 -2.51 0.058 5.96
JOYO RR1 0.990 -1.05 0.032 3.22
JOYO RR2 0.975 -2.52 0.036 3.73
JOYO SR1 0.962 -3.79 0.043 4.52
JOYO SR2 0.973 -2.72 0.033 3.38
JOYO SR3 0.988 -1.22 0.045 4.56
JOYO SR4 0.979 -2.09 0.035 3.57
ZPPR9 Loading 80 1.023 2.30 0.036 3.47
ZPPR9 Loading 86 1.021 2.10 0.016 1.60
ZPPR9 Loading 94 1.015 1.55 0.023 2.26
ZPPR9 Loading 100 1.030 2.96 0.023 2.22
ZPPR9 Loading 118 1.030 3.01 0.029 2.84
ZPPR10A Loading 13 1.053 5.26 0.042 4.00
ZPPR10A Loading 15 1.053 5.30 0.021 1.98
ZPPR10A Loading 26 1.029 2.93 0.019 1.87
ZPPR10A Loading 29 1.037 3.69 0.019 1.84
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Figure 4.5: Sources of uncertainty of CRW cases
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Figure 4.5 and Table 4.4 show that experimental and nuclear data uncertainties
are the principal contributors to the total uncertainty, whereas the statistical com-
ponent from the Monte Carlo simulations remains negligible in all cases (typically
below 0.03 $). For JOYO and ZPPR cases, experimental and nuclear data uncer-
tainties are comparable (0.06–0.16 $ each), whereas for FFTF cases, experimental
uncertainties dominate, often surpassing 0.5$. This pattern might reflect the more
complex experimental setups and measurement challenges in large-scale fast reac-
tors. Compared to keff results (see Figure 4.3), where the nuclear data uncertainty
was 3 ÷ 4 times higher than experimental ones, these results emphasize the crucial
role of accurate experimental measurements when comparisons with benchmark
cases are needed for code validation.

To conclude, the total uncertainty on the C/E ratios remains between 3% and
10%, depending on the facility, with FFTF showing the highest relative uncertain-
ties. Despite the observed biases, the majority of calculated values lie within one
standard deviation of the experimental data, confirming the reliability of the com-
putational approach and the underlying nuclear data library. The balanced trend,
where underestimations in two facilities (FFTF, JOYO, which account for 65.4%
of the CRW results), is offset by overestimations in others (ZPPR9, ZPPR10A),
suggests that there is no systematic bias in the evaluation of CRW, demonstrating
consistent model performance across multiple facilities, with systematic deviations
that, with one exception, remain within about ±5%.
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Table 4.4: Control Rod Worth error sources

Facility Experiment Experimental
Unc. [$]

Statistical
Unc. [$]

Nuclear
Data
Unc. [$]

FFTF State 1 - case 1 0.32 0.03 0.19
FFTF State 1 - case 2 0.31 0.03 0.15
FFTF State 1 - case 3 0.25 0.03 0.16
FFTF State 1 - case 4 0.20 0.03 0.16
FFTF State 1 - case 5 0.15 0.03 0.24
FFTF State 1 - case 6 0.69 0.03 0.23
FFTF State 1 - case 7 0.60 0.03 0.21
FFTF State 1 - case 8 0.48 0.03 0.23
FFTF State 1 - case 9 0.46 0.03 0.18
FFTF State 1 - case 10 0.87 0.03 0.27
FFTF State 1 - case 11 0.86 0.03 0.28
JOYO RR1 0.08 0.01 0.09
JOYO RR2 0.12 0.01 0.07
JOYO SR1 0.16 0.02 0.08
JOYO SR2 0.12 0.01 0.06
JOYO SR3 0.16 0.01 0.08
JOYO SR4 0.12 0.01 0.07
ZPPR9 Loading 80 0.03 0.02 0.09
ZPPR9 Loading 86 0.21 0.02 0.19
ZPPR9 Loading 94 0.21 0.02 0.33
ZPPR9 Loading 100 0.08 0.02 0.12
ZPPR9 Loading 118 0.04 0.02 0.09
ZPPR10A Loading 13 0.03 0.02 0.10
ZPPR10A Loading 15 0.14 0.02 0.23
ZPPR10A Loading 26 0.31 0.02 0.26
ZPPR10A Loading 29 0.11 0.02 0.14
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4.3 Sodium void reactivity

From Table 4.5 and Figure 4.6, the results of the sodium void reactivity (SVR) can
be analyzed. The results present a wider dispersion of C/E ratios compared to
the CRW cases, indicating higher sensitivity of the sodium void effect to modeling
assumptions and nuclear data uncertainties. The C/E ratios across all benchmark
facilities range between approximately 0.84 and 1.41, reflecting both underesti-
mations and overestimations of experimental results depending on the core con-
figuration, even though specific trends are not clearly detectable when observing
the cases belonging to a single facility. Out of nineteen benchmarks, eleven cases,
or 57.9%, show a C/E ratio above 1. This indicates that there is no significant
tendency to overestimate the experimental value. Despite the significant spread,
however, all experimental values fall within the total uncertainty ranges of the cor-
responding calculations. While a general concern can be raised on the simulation
accuracy, from both the lack of a systematic trend and the significant dispersion
of the results, no explicit issue on model accuracy can be deduced at this stage.

Table 4.5: Sodium Void Reactivity C/E results

Facility Experiment C/E C/E-1 [%] Total Unc. [%]

JOYO Center 1.103 0.1 38.8
JOYO 1F1 0.882 -0.1 36.6
JOYO 2F1 1.209 0.2 32.3
JOYO 3F1 1.412 0.4 35.9
JOYO 4F1 0.841 -0.2 48.9
ZPPR9 Loading 37 0.881 -0.1 32.1
ZPPR9 Loading 38 1.020 0.0 39.4
ZPPR9 Loading 39 0.925 -0.1 47.8
ZPPR10A Loading 33 0.969 0.0 56.7
ZPPR10A Loading 34 1.072 0.1 37.3
ZPPR10A Loading 37 1.023 0.0 25.3
ZPPR10A Loading 40 1.003 0.0 27.8
ZPPR2 Loading 181 1.183 0.2 61.9
ZPPR2 Loading 183 1.246 0.2 22.2
ZPPR2 Loading 184 1.103 0.1 22.8
ZPPR2 Loading 185 1.172 0.2 14.0
ZPPR12 Loading 30 0.924 -0.1 11.6
ZPPR12 Loading 33 0.899 -0.1 10.3
ZPPR12 Loading 37 0.934 -0.1 8.5
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Figure 4.6: C/E values for SVR cases

For the JOYO benchmarks, the results show strong discrepancies: both C/E ratio
outliers are among these experiments, corresponding to deviations up to -20% and
+40%. These differences highlight the challenges in accurately predicting void
effects when the experimental quantities are very small to be detected. As evi-
dently represented in Figure 4.7, JOYO SVR cases are the only ones in which the
statistical uncertainty has a substantial contribution to the overall uncertainty. It
has the same order of magnitude as the experimental uncertainties (∼ 30%), while
nuclear data components are reduced as it could also be observed from Table 4.6.
This effect may be because the keff values of the simulations are very close to each
other, consistently with the small difference between the corresponding reference
and the perturbed cases. Moreover, considering a typical standard deviation of 6
÷ 7 pcm with the MCNP runs for JOYO models, when the uncertainties are prop-
agated with respect to the reactivity coefficient, we obtain a value that is higher
than the other cases encountered. This pattern is confirmed across other experi-
ments: the ZPPR-9 configurations present an average statistical uncertainty of 4
pcm against a difference between nominal and perturbed cases of 100 pcm, while
in ZPPR-10A the keff variations range from 70–200 pcm with 4 pcm of statistical
uncertainty. Similar trends are observed for ZPPR-2 experiments, and the statis-
tical contributions remain limited also in ZPPR-12 cases, where the sodium void
reactivity effect is substantially larger (575–1200 pcm) compared to the Monte
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Figure 4.7: Sources of uncertainty of SVR cases

The ZPPR-9 and ZPPR-10A cases show overall better consistency, with C/E ratios
close to unity (0.88–1.07) and total uncertainties between 25–55%. Although the
mean spread is reduced, the uncertainty (and its variability) remains significant,
driven mainly by nuclear data uncertainties, which reach up to 56% for some
configurations.

The ZPPR-2 experiments present higher C/E values (1.10–1.25) accompanied by
large uncertainties (14–62%) dominated by nuclear data. Conversely, the ZPPR12
results show excellent consistency, with C/E ratios between 0.90 and 0.93 and com-
paratively low total uncertainties (8–12%), the nuclear data component of which
is comparable to other sources (notably, the experimental one). This suggests that
the underlying models and nuclear data produce reliable predictions for these con-
figurations, possibly due to their simpler voiding patterns and better-characterized
experimental conditions.

Observing the breakdown of uncertainty sources in Figure 4.7 underscores that
nuclear data uncertainties dominate for most ZPPR configurations. At the same
time, as already mentioned, experimental and statistical components are more
relevant in the JOYO cases. The large spread of total uncertainties across facil-
ities reflects differences in benchmark characterization and sensitivity to nuclear
data. The significant total uncertainties observed, particularly in some JOYO and
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Table 4.6: Sodium Void Reactivity error sources

Facility Experiment Experimental
Unc. [%]

Statistical
Unc. [%]

Nuclear
Data
Unc.
[%]

JOYO Center 29.6 21.8 12.4
JOYO 1F1 24.9 24.4 11.1
JOYO 2F1 25.2 18.7 7.6
JOYO 3F1 30.2 18.2 6.7
JOYO 4F1 34.4 32.7 11.8
ZPPR9 Loading 37 1.7 5.8 31.6
ZPPR9 Loading 38 1.7 6.5 38.8
ZPPR9 Loading 39 1.7 6.0 47.4
ZPPR10A Loading 33 1.2 7.6 56.2
ZPPR10A Loading 34 1.1 3.6 37.1
ZPPR10A Loading 37 1.1 2.9 25.1
ZPPR10A Loading 40 1.1 3.4 27.6
ZPPR2 Loading 181 5.4 7.5 61.2
ZPPR2 Loading 183 5.1 4.3 21.2
ZPPR2 Loading 184 5.1 3.1 22.0
ZPPR2 Loading 185 5.0 2.2 12.8
ZPPR12 Loading 30 7.1 1.3 9.1
ZPPR12 Loading 33 5.6 0.7 8.5
ZPPR12 Loading 37 5.3 0.4 6.7

ZPPR-2 configurations (up to 62%), suggest a combination of modeling limitations
and sensitivity to nuclear data.

In conclusion, the SVR analysis demonstrates that MCNP calculations capture
the general trends of the sodium void reactivity, but with appreciable variance
depending on reactor configuration.

4.4 Isothermal temperature coefficient

The isothermal temperature coefficient (ITC) results are collected in Table 4.7.
For the temperature parameter, the only facility for which the analysis was car-
ried out is FFTF. The calculation-over-experiment ratio is close to unity (0.88),
corresponding to a modest deviation of 12%. The total uncertainty is consistent
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(67%), primarily driven by the significant nuclear data component (64.9%), while
experimental (15%) and statistical (8.1%) contributions are considerably smaller.
This suggests that the reliability of the ITC calculation for FFTF is predominantly
limited by the uncertainties in nuclear data, consistent with trends observed for
other reactivity parameters in fast-spectrum benchmarks.

Table 4.7: ITC results: C/E and error sources

Facility C/E C/E-1 [%] Total Unc. [%]

FFTF 0.88 12 67

Facility Experimental
Unc. [%]

Statistical
Unc. [%]

Nuclear Data
Unc. [%]

FFTF 15 8.1 64.9

4.5 Confidence levels

This section provides an overview of the distribution of the calculated-to-experimental
ratios for the main reactivity parameters: the effective multiplication factor, the
control rod worth, and sodium void reactivity. Furthermore, it allows an assess-
ment of the overall consistency and reliability of the MCNP calculations relative to
experimental data. Each normal distribution refers to the benchmark experiments
considered for the different parameters under study.

Effective multiplication factor
The distribution of keff C/E ratios presented in Figure 4.8 displays a narrow,
symmetric Gaussian profile centered at 0.99894, with 1σ confidence interval of
(0.99427–1.00361). This confirms the high accuracy and consistency of the MCNP
calculations in predicting system criticality and reflects the robustness of the com-
putational model. The limited spread and the average total uncertainty in the
order of 2σ further confirm that both experimental and nuclear data uncertainties
are well constrained for this parameter, except for the outliers.

Control rod worth
For the control rod worth (Figure 4.9), the C/E distribution remains approxi-
mately symmetric around unity but shows a broader spread compared to keff, hav-
ing 1σ standard deviation up to 0.03514. Every case lies within the 2σ confidence
interval, consistent with the uncertainty levels reported in the corresponding CRW
table (see Table 4.3). This dispersion, and the fact that the uncertainty of several
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Figure 4.8: keff : normal distribution of C/E and confidence interval

cases is below 2σ, reflects the increased complexity in modeling absorber materials
and control rod configurations. Also, the sensitivities are generated during the
post-processing of the MCNP outputs, and this may introduce a propagation of
uncertainties for the sensitivity profiles themself. Nevertheless, the Gaussian shape
and the proximity of the mean to one confirm the absence of systematic errors in
the simulations with respect to the benchmark values.

Sodium void reactivity
Figure 4.10 displays the widest spread among the three distributions, extending
from approximately 0.5 to 1.6 in the C/E ratio, with 1σ being equal to 0.15108.
This dispersion is consistent with previously observed large uncertainties (20–60%)
and the strong sensitivity of the sodium void effect to different configurations.
The Gaussian shape remains visible but noticeably broader, suggesting that while
the simulations provide an overall good prediction, their precision is limited by
the total uncertainty, which is dominated by the nuclear data component for the
majority of the cases. However, the width of the error bars, crossing the mean of
the distribution in nearly all cases (including the most distant ones), still indicates
a global statistical coherence between calculations and experiments.

Overall, these confidence interval plots confirm the robustness of the MCNP-
based assessment across the different reactivity parameters. While keff predic-
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tions demonstrate excellent accuracy and consistency, CRW and in particular SVR
show broader confidence intervals, dominated by nuclear data and experimental
uncertainties. The increasing width of the Gaussian distributions from keff to the
reactivity coefficients quantitatively suggests how modeling complexity and un-
certainty sources accumulate as the parameter depends on higher-order physics
phenomena. The strong central alignment of all distributions demonstrates that
the methodology does not introduce systematic bias, while the normalized spread
reflects realistic uncertainty propagation for the considered sets of experiments.

4.6 GLLS

In this framework, GLLS has been explored as a data assimilation algorithm to
evaluate improvements in keff reduction. As detailed in Section 2.6, GLLS is com-
monly used to adjust nuclear data libraries, although it is here used in its variant
as a critical safety assessment tool. In this context, the objective is to improve
the predicted multiplication factor value for an application that does not have the
experimental value for comparison (e.g., a new reactor design), using a dataset of
C − E values from relevant criticality experiments. What makes an experiment
relevant has been discussed in Chapter 3. In this thesis, two cases are presented:
one using a covariance matrix and sensitivity vectors containing thirteen isotopes
that are present in each of the modeled experiments, the latter case using only the
five common actinides among the calculated benchmark cases (235U,238U, 239Pu,
240Pu, 241Pu).

The order of the experiments was determined using the representativeness ranking
calculated in Section 3.3, where it has also been noticed that the ranking slightly
changes when using these two different sets of isotopes. The two cases are presented
to investigate any discrepancies on the GLLS outputs: since the actinides are the
major contributors to the uncertainty due to the nuclear data for the reference
reactor ALFRED, evaluating the impact on the GLLS algorithm could also be
meaningful.

Figure 4.11 illustrates the impact of using experiments similar to the reference
case to obtain a more accurate estimate of the reference keff value. The values la-
beled with experiment names represent the impact of a single contribution, while
(18+17+. . . +) is the impact of using an incremental number of experiments com-
bined. It can be observed that for cases where the a priori bias is small, the
impact on the a posteriori bias, that is, the calculated keff value of the application
subtracted from the posterior keff of the application expressed in pcm, is mini-
mal. When the difference between the calculations and the experimental value
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is positive, the GLLS method compensates with a negative contribution. This
concept can be observed in Figure 4.11 and 4.13, on the left part of the plots. In
particular, BSF-61-1 and BFS-61-2 experiments, which have the largest and most
positive computational biases among the results’ dataset, show that their singular
effect is strongly negative. Conversely, if the calculation bias is negative, as in
most cases in this work (see Section 4.1), the a posteriori bias will be positive.
This means that the models are systematically underestimating the experimen-
tal values. GLLS balances this tendency, achieving an a posteriori value that is
around 200 pcm and 55 pcm higher than the calculated value for ALFRED for
the 13-isotopes and 5-actinides cases, respectively. Considering only the common
actinides reduces the posterior bias significantly.

Figures 4.12 and 4.14 show that using GLLS could also lower the uncertainty due
to nuclear data to around 140 pcm for both cases. Here the influence of C − E
is neglected since it is not part of the equations. Substantially, the a posteriori
uncertainty is calculated using the sensitivity vectors and a new covariance matrix
where the adjusted nuclear data are embedded.
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Figure 4.11: Singular and cumulative a posteriori ALFRED bias by benchmark, in the
case of 13 isotopes.
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Figure 4.12: Singular and cumulative a posteriori ALFRED uncertainty for keff , in the
case of 13 isotopes.
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Figure 4.13: Singular and cumulative a posteriori ALFRED bias by benchmark, in the
case of 5 actinides.
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Figure 4.14: Singular and cumulative a posteriori ALFRED uncertainty for keff , in the
case of 5 actinides.
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4.7 Results discussion

The results presented demonstrate that MCNP, combined with ENDF/B-VIII.0
nuclear data library, provides accurate predictions for three groups of fast-spectrum
benchmark experiments (keff , CRW, SVR). The total CPU time was roughly
120 hours, with individual runtimes varying from 2 to 3 hours depending on the
configuration size.

For the effective multiplication factor, the C/E ratios ranged from 0.994 to 1.011,
with most deviations below 1%. As expected, the analysis highlighted that nu-
clear data uncertainties dominate the total uncertainty (typically 700–940 pcm),
while experimental and statistical components were minor. Sixteen out of eigh-
teen benchmarks lay within the uncertainty margins, confirming strong consistency
between simulations and experiments, except for the outliers. BFS-61-1 and BFS-
61-2 present a large discrepancy between the calculated and the benchmark values.
As already noted, the uncertainty due to the nuclear data cannot account for such
a considerable deviation. These inconsistencies may indicate possible modeling
approximation issues specific to these configurations.

The control rod worth benchmarks showed C/E ratios between 0.93 and 1.05,
with total uncertainties ranging from 3% to 10%. Despite small systematic devia-
tions in individual facilities (underestimation for FFTF and JOYO, overestimation
for ZPPR cases), the overall balance indicated no systematic bias. Compared to
other parameters under study, in the majority of the CRW cases, the experimen-
tal uncertainties are higher than the nuclear data contributions, while the Monte
Carlo statistical component remained negligible. This pattern is particularly ev-
ident when observing the FFTF measurements. Here, while the calculations are
consistent with the experimental results, the possibility of investigating the model
accuracy and the nuclear data impact is limited by the experimental uncertainty
component.

For sodium void reactivity, the C/E ratios exhibited a broader dispersion (0.84–
1.41), reflecting higher sensitivity to nuclear dataand modeling assumptions. Al-
though all cases fell within total uncertainty bands (up to 60%), the results high-
lighted the strong dependence of void reactivity predictions on nuclear data quality.
Regarding SFR designs, many efforts have been dedicated to obtaining more reli-
able cross-sections using [98, 99, 100], using GLLS or comparable techniques and
focusing on the sodium cross-section for specific libraries. Clearly, while these
approaches are out of scope for this work, they stressed the influence and the
potential benefits of the adjustment of nuclear data for tailored applications.

Since the isothermal temperature coefficient was evaluated only for FFTF, this
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parameter evidently does not meet the criteria to provide a statistical basis for
meaningful assessment. Consequently, it is not recommended to use this result for
code validation purposes at this stage. Additional experimental data, which are not
available in the current literature, are required to ensure both statistical robustness
and result consistency before reliable employment in qualification activities.

The idea under GLLS is to use experiments similar to the application case to obtain
a better estimate of the application value. As already mentioned, in this case study,
many set-ups from the same facilities are considered, and the effect of similar
benchmarks might be redundant. There is room for further investigation into how
this method could be applied, as concerns may arise from the optimal number of
experiments used or the isotopes taken into account, and, more importantly, the
correlation between experiments as initial information (not the correlation that
can be calculated through the sensitivity profiles). The selection of criticality
benchmarks may have a significant effect on the estimation of the application case
keff bias and its uncertainty. As reported in the final report of the WPNCS/SG11
task used for the verification process for the data assimilation method [91], for
many real-life criticality safety applications, the benchmark selection impact is
typically much smaller than the one observed during the computational exercise.
In fact, here the a posteriori bias is ∼200 pcm and ∼55 pcm for thirteen and five
isotopes considered respectively, while the a posteriori uncertainty is around 140
pcm in both cases.

On the other hand, the benchmark experiments chosen could share common char-
acteristics, and using more experiments from the same facility, even if they bring
a good representation of the application case, the effect on the bias reduction
could be mitigated. Observing the results obtained in Figure 4.11 and 4.13, this
pattern could be clearly recognized. In fact, for the GLLS case with 13 common
isotopes, the first two most similar experiments seem to drive the final posterior
value. Adding the following sixteen benchmarks does not appreciably influence the
keff bias in the end. The 5-actinides case behaves similarly: here, the cumulative
trend suggests a stronger influence of the first most representative case.

Unfortunately, the IRPhE database does not include correlation values between
benchmark cases. Since many facilities shared different experiments, it would
be invaluable to know (or at least have a reliable estimate) of the experimental
correlation, particularly when the GLLS method is applied. In fact, the equation
implemented (see Eq. (2.55)) includes the experimental covariance matrix, which
was constructed using the variances from the experimental uncertainties in the
handbook, assuming no correlation (i.e., all non-diagonal values are set to zero).

Taking into account more information regarding the experimental cases could lead
to a minor overall impact on the application case. Therefore, it requires further
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analysis before it can be proposed as a quantity of interest in a validation dossier.
Despite this caution, it remains an important outcome of this PhD work, since
it demonstrates the potential advantage resulting from the development of a fully
verified algorithm that can be used with confidence in future applications.
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Chapter 5

Conclusions

This thesis presented a preliminary assessment of the predictive capabilities of
the MCNP code for Lead-cooled Fast Reactor (LFR) applications, with particular
reference to the ALFRED design. The research was framed within the general
context of uncertainty quantification and data assimilation for neutronics analyses,
aiming to enhance confidence in computational results used in reactor design and
to make a significant contribution to the qualification process of the MCNP code
applied to LFRs. This final chapter summarizes the main findings of the study
and outlines possible directions for future research.

5.1 Summary of the findings

The results obtained in this work confirm that the MCNP 6.3.0 code, along with
the ENDF/B-VIII.0 nuclear data library, provides reliable predictions for a broad
set of benchmark experiments from the IRPhE database, including the effective
multiplication factor, control rod worth, and sodium void reactivity. Overall, the
analyses revealed a strong consistency between calculated and experimental results,
with most discrepancies falling within the combined uncertainty margins.

For the effective multiplication factor, the simulations achieved excellent agreement
with experiments, with deviations generally below 1%. The uncertainty analysis
demonstrated that nuclear data uncertainties dominate the total variance, while
experimental and statistical contributions remain secondary. Similarly, the control
rod worth benchmarks showed a balanced performance across different facilities,
with deviations typically within 5% and no evidence of systematic bias deriving
from the computational process. The set of benchmark experiments from IRPhE
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with sodium coolant showed greater dispersion, reflecting the parameter’s greater
sensitivity to modeling assumptions and nuclear data. Nevertheless, all calculated
values were found to be consistent with the reference data. The isothermal temper-
ature coefficient, analyzed for a single FFTF case, confirmed trends observed for
other parameters, though the limited dataset precludes statistical considerations.

Although there is a general agreement, the a priori accuracies credited to MCNP
still impose rather large potential margins to the design, particularly, although less
intuitively, for the keff : indeed, the parameter estimated with the higher accuracy.
In this regard, the implementation of the GLLS data assimilation tool demon-
strated its potential for integrating experimental information to enhance MCNP’s
predictive capability. By incorporating data from representative benchmarks, the
posterior estimates for the ALFRED case showed that the bias on the calculated
value could be almost eliminated, and only a slight underestimation (55–200 pcm)
would remain. Moreover, the uncertainty due to nuclear data, which is the main
component of the total uncertainty, could be significantly reduced to about 140
pcm. These findings confirm that data assimilation can meaningfully improve the
precision of neutronic predictions, especially for systems lacking direct experimen-
tal references.

Although the GLLS results are promising, their broader applicability requires fur-
ther investigation, particularly regarding the treatment of experimental correla-
tions and the representativeness of selected benchmarks. Nonetheless, the verified
implementation of this methodology represents an essential outcome of this re-
search, establishing a foundation for future studies.

5.2 The value of implementing verified tools

During verification of the uncertainty quantification algorithm, an important find-
ing was made. The verification was performed for a single benchmark case,
SNEAK-7B, using results obtained with TSUNAMI-IP from the SCALE code sys-
tem as reference.

The comparison revealed that the covariance matrix provided by ENEA does not
include cross-correlations among different isotopes (e.g., fission cross sections for
238U and 239Pu). As a consequence, the propagated uncertainty on keff may be
underestimated, particularly in systems where major actinides dominate the sen-
sitivity profile. In contrast, the covariance data processed by TSUNAMI-IP include
the mentioned cross-correlations, but lack internal correlations for the 238U (e.g.,
elastic-inelastic, inelastic-fission reactions). This specific deficiency was identified
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as a non-negligible contributor to the discrepancy observed between the total un-
certainties predicted by the two approaches. Beyond the numerical comparison
itself, this verification exercise demonstrated the critical impact of the covariance
matrix on the uncertainty quantification. The outcome therefore provides a con-
crete recommendation for the ENEA NUC-ENER-PRO group: future covariance
evaluations should, at minimum, incorporate cross-correlations among the major
actinides to ensure a more realistic estimation of nuclear data–induced uncertain-
ties in keff .

The availability of an in-house tool for sensitivity and covariance processing was
revealed as an asset in this work, enhanced by the use of Python as a programming
language, which enabled great flexibility for multiple applications. The developed
Python-based framework allows for the practical manipulation of the MCNP out-
put file to extract sensitivity coefficients, for straightforward implementation and
testing of different processing modules, and also for clean visualization. During
this thesis, the first phase of post-processing consisted of transforming the sensi-
tivity coefficient and the covariance matrix in .npy file formats. Subsequently, this
format was directly used in scripts dedicated to computing the uncertainty due
to nuclear data for the modeled experiments, as well as in the representativeness
formula to obtain rankings by similarity and, finally, in the GLLS methods.

Ensuring that all computational modules are properly verified is a fundamental
requirement for the credibility of any uncertainty quantification or validation ef-
fort. In nuclear engineering, where safety assessments and design decisions rely
heavily on numerical predictions, the use of verified tools guarantees that observed
discrepancies are due to physical modeling or data uncertainties rather than cod-
ing or implementation errors. In this work, the verification of the post-processing
framework was extensively done following the recommendations of the ASN Guide
No. 28 [45], which emphasizes the need to treat ancillary software as an integral
part of the overall qualification process. By systematically testing each module,
the developed tools now ensure the robustness and reproducibility of the uncer-
tainty propagation and data assimilation analyses. This verification step not only
enhances confidence in the presented results but also establishes a reliable foun-
dation for future extensions of the framework.

5.3 Future developments

Currently, this framework is based on the use of MCNP outputs from which sensi-
tivity coefficients are extracted. However, any code that can calculate the energy-
dependent sensitivities of a response with respect to cross-section changes can be
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used. As well as for the sensitivity coefficients, any covariance matrix with the
same energy discretization as the sensitivity vector can be used to propagate the
uncertainties.

In this thesis, one of the objectives was to evaluate the accuracy of the specific
computational "package" selected (MCNP 6.3.0 code & ENDF/B-VIII.0 library).
However, both the sandwich rule and the GLLS algorithm can be used to evaluate
the impact of different nuclear data libraries on the same systems. The library in
use was taken as an initial condition, and comparing how different libraries behave
was out of scope, since part of the effort was dedicated to implementing and
verifying a computational framework to support the qualification of the transport
code (with the affiliated library) in use.

Regarding the GLLS method, its potential could be further exploited. In the
present implementation, the improvement of keff and the associated reduction of
nuclear data uncertainty for the application case are achieved through an algo-
rithm that implicitly incorporates nuclear data adjustments, without explicitly
exposing them. Consequently, the framework could be extended to extract addi-
tional information. In particular, identifying which isotopes and which reaction
energy groups undergo the most significant modifications in order to produce the
observed improvement in the integral parameter of interest.

From a code development perspective, the usability of the proposed framework
could be enhanced by implementing automated processes to handle the MCNP
output files or by developing a graphical user interface to facilitate its use by
non-expert users. In addition, since comprehensive and high-quality datasets are
essential for effective code benchmarking and validation, it would be valuable to
submit the newly obtained sensitivity data for LMFR cases to the OECD-NEA
for evaluation and potential inclusion in the IDAT tool. At present, IDAT con-
tains sensitivity data for only a limited number of cases based on older nuclear
data libraries; thus, expanding its database with updated results would signifi-
cantly improve its relevance and support the reactor physics research community
in representativeness ranking and robustness of future validation studies.

5.4 Final remarks

Despite advancements in computational tools and extensive nuclear data libraries,
integral experiments in zero-power facilities continue to play a significant role in
the validation of nuclear data and in the licensing of new core designs, especially to
avoid applying the most conservative safety margins, which could affect the overall
performance of the new system in terms of economics and efficiency. Unfortunately,
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experiments in the LMFR section of the IRPhE database are limited, and the
majority are sodium-cooled. The need for more experimental data to serve as
a benchmark for neutronics codes is evident from the statistics (18–26 cases per
parameter). Developing new experimental facilities, reviving old ones, and sharing
data from existing, currently private experiments could significantly improve this
IRPhE section and facilitate the licensing path of new reactor designs such as
LFRs.

This thesis has demonstrated that rigorous uncertainty quantification and data as-
similation can significantly enhance confidence using the MCNP code for neutronic
simulations along with the ENDF/B-VIII.0 nuclear data library. The proposed in-
tegrated approach supports the qualification of MCNP for LFR design application
and contributes to the broader goal of establishing reliable computational results,
especially in the described domain.
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Appendix A

Sensitivity output formats

In this appendix, different sensitivity coefficient formats are presented.
In listing A.1, the typical MCNP output section that is printed when the KSEN
card is activated is shown. Here, the sensitivity profile relative to 239Pu fission
cross section is reported as an example. The left columns report the energy dis-
cretization, as requested in the input card. The energy ranges vary from the lowest
to the highest energy. On the right, the sensitivity coefficients are presented in a
column, along with their relative uncertainty for each energy group.

The second listing A.2 represents an MCNP output as well, but in this case, a
separate file is produced while the code is running. This occurs when, for a KCODE
calculation with a KSEN card selected, users also specify the option to print the
sensitivity coefficient in different file formats. This can be obtained by adding
the option KSENTAL to the card KOPTS. The most useful format is likely to be the
TSUNAMI-B, since it reproduces the sensitivity data format .sdf, the most common
and widespread in sensitivity analysis tools. It is worth noting that this option
was not available before version 6.3.0 of the MCNP Monte Carlo code.

In this format, the energy discretization is specified at the beginning of the output
file (energy boundaries), the energy ranges are ordered in descending order, and
the units are keV instead of MeV present in MCNP output. A header block, which
comprises lines 13-15 of the listing, indicates:

• the isotope using the ZAID identifier and the library used in the simulation;

• the reaction name;

• the nuclide number (specific for the simulation);

• the respective MT number of the reaction;
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• the unit number

• the region number within unit;

• the total volume region, which is always zero for region-integrated profiles;

• Zone number or negative of material number;

• number of times region is referenced in the problem;

• material ID

Line 16 reports the energy-integrated sensitivity coefficients:

- the energy-integrated sensitivity coefficient for that profile;

- standard deviation for energy integrated sensitivity coefficient;

- sum of absolute values of the group-wise sensitivities;

- sum of the group-wise sensitivities with opposite sign as energy integrated
value (osc);

- standard deviation for osc. group-wise sensitivity.

Finally, the group-wise sensitivity coefficients lines (17-23 in example A.2), are fol-
lowed by the corresponding uncertainties (lines 24-30). For additional information
on sensitivity data format, see [78].

Listing A.3 is structurally identical to the previous one, although it is obtained
with a Python script during the post-processing. It can be generated both from
the MCNP output file or after building the combined sensitivity vector for reac-
tivity effect cases, to print the coefficient in this standardized format.
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Listing A.1: Example of a sensitivity coefficient from MCNP output
1 nuclear data keff sensitivity coefficients
2

3 sensitivity profile 1
4 94239.00c fission
5

6 energy range (MeV) sensitivity rel. unc.
7

8 1.1000E-10 1.0000E-07 0.0000E+00 0.0000
9 1.0000E-07 5.4000E-07 -8.4788E-08 1.2951

10 5.4000E-07 4.0000E-06 1.6688E-06 0.9175
11 4.0000E-06 8.3153E-06 1.2817E-06 0.3720
12 8.3153E-06 1.3710E-05 8.6806E-07 0.8115
13 1.3710E-05 2.2603E-05 2.7689E-06 0.5121
14 2.2603E-05 4.0169E-05 2.9089E-06 0.4849
15 4.0169E-05 6.7904E-05 1.4678E-05 0.0763
16 6.7904E-05 9.1661E-05 1.5825E-05 0.3265
17 9.1661E-05 1.4863E-04 7.8865E-05 0.1024
18 1.4863E-04 3.0432E-04 5.8143E-04 0.0307
19 3.0432E-04 4.5400E-04 5.9307E-04 0.0258
20 4.5400E-04 7.4852E-04 1.9220E-03 0.0097
21 7.4852E-04 1.2341E-03 3.8575E-03 0.0089
22 1.2341E-03 2.0347E-03 5.9119E-03 0.0080
23 2.0347E-03 3.3546E-03 9.5403E-03 0.0044
24 3.3546E-03 5.5308E-03 1.1260E-02 0.0052
25 5.5308E-03 9.1188E-03 1.4214E-02 0.0062
26 9.1188E-03 1.5034E-02 2.0721E-02 0.0047
27 1.5034E-02 2.4788E-02 2.8281E-02 0.0033
28 2.4788E-02 4.0868E-02 3.1952E-02 0.0028
29 4.0868E-02 6.7379E-02 4.1828E-02 0.0023
30 6.7379E-02 1.1109E-01 4.7300E-02 0.0029
31 1.1109E-01 1.8316E-01 5.3126E-02 0.0026
32 1.8316E-01 3.0197E-01 5.4268E-02 0.0026
33 3.0197E-01 4.9787E-01 4.2186E-02 0.0015
34 4.9787E-01 8.2085E-01 5.7054E-02 0.0013
35 8.2085E-01 1.3534E+00 2.9312E-02 0.0033
36 1.3534E+00 2.2313E+00 2.6958E-02 0.0015
37 2.2313E+00 3.6788E+00 2.2079E-02 0.0034
38 3.6788E+00 6.0653E+00 9.5826E-03 0.0034
39 6.0653E+00 1.0000E+01 2.7455E-03 0.0051
40 1.0000E+01 1.9640E+01 2.0391E-04 0.0334
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Listing A.2: Example of MCNP output when KSENTAL=TSUNAMI-B card is activated
1 mcnp66 keff nuclear data sensitivity 1 in tsunami -b format.
2 33 number of neutron groups
3 217 number of sensitivity profiles 0 are region integrated
4 1.000849 +/- 0.000020 k-eff from the forward case
5 energy boundaries:
6 1.964033E+07 1.000000E+07 6.065307E+06 3.678794E+06 2.231302E+06
7 1.353353E+06 8.208500E+05 4.978707E+05 3.019738E+05 1.831564E+05
8 1.110900E+05 6.737947E+04 4.086771E+04 2.478752E+04 1.503439E+04
9 9.118820E+03 5.530844E+03 3.354626E+03 2.034684E+03 1.234098E+03

10 7.485183E+02 4.539993E+02 3.043248E+02 1.486254E+02 9.166088E+01
11 6.790405E+01 4.016900E+01 2.260329E+01 1.370959E+01 8.315287E+00
12 4.000000E+00 5.400000E-01 1.000000E-01 1.100000E-04
13 94239.00c fission 36 18
14 0 0
15 0.000000E+00 0.000000E+00 0 0
16 5.160748E-01 3.870785E-04 5.160755E-01 -3.701032E-07 6.521087E-07
17 2.019998E-04 2.786303E-03 9.657998E-03 2.211977E-02 2.689256E-02
18 2.910077E-02 5.722976E-02 4.216229E-02 5.411471E-02 5.337274E-02
19 4.746253E-02 4.178152E-02 3.218336E-02 2.834913E-02 2.078908E-02
20 1.416238E-02 1.134640E-02 9.359989E-03 5.897450E-03 3.841259E-03
21 1.953660E-03 5.747639E-04 6.096684E-04 7.917022E-05 2.081315E-05
22 1.808262E-05 -4.070492E-08 2.520119E-06 8.084702E-07 1.134459E-06
23 2.499222E-06 -3.293983E-07 4.645052E-08
24 5.533279E-06 1.994206E-05 4.502941E-05 5.912479E-05 8.150354E-05
25 6.397310E-05 1.215679E-04 1.405516E-04 1.622914E-04 1.273140E-04
26 9.752889E-05 1.186158E-04 7.695074E-05 4.901382E-05 9.620118E-05
27 7.236744E-05 4.962902E-05 4.445658E-05 3.888036E-05 4.124193E-05
28 3.775724E-05 1.528685E-05 1.748733E-05 5.502450E-06 2.750180E-06
29 1.849496E-06 5.369502E-07 1.798457E-06 9.028110E-07 5.268112E-07
30 1.268096E-06 3.700407E-07 2.938082E-08
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Listing A.3: Example of .sdf output obtained with post-processing tool
1 sensitivity coefficients MCNP in .sdf format
2 33 number of neutron groups
3 37 number of sensitivity profiles 37 are nuclide integrated
4 1.000849 +/- 0.000020 k-eff from the forward case
5 energy boundaries:
6 1.964033E+07 1.000000E+07 6.065307E+06 3.678794E+06 2.231302E+06
7 1.353353E+06 8.208500E+05 4.978707E+05 3.019738E+05 1.831564E+05
8 1.110900E+05 6.737947E+04 4.086771E+04 2.478752E+04 1.503439E+04
9 9.118820E+03 5.530844E+03 3.354626E+03 2.034684E+03 1.234098E+03

10 7.485183E+02 4.539993E+02 3.043248E+02 1.486254E+02 9.166088E+01
11 6.790405E+01 4.016900E+01 2.260329E+01 1.370959E+01 8.315287E+00
12 4.000000E+00 5.400000E-01 1.000000E-01 1.100000E-04
13 pu -239 fission 94239 18
14 0 0
15 0.000000E+00 0.000000E+00 0 0
16 5.160748E-01 3.870785E-04 5.160755E-01 -3.701032E-07 6.521087E-07
17 2.019998E-04 2.786303E-03 9.657998E-03 2.211977E-02 2.689256E-02
18 2.910077E-02 5.722976E-02 4.216229E-02 5.411471E-02 5.337274E-02
19 4.746253E-02 4.178152E-02 3.218336E-02 2.834913E-02 2.078908E-02
20 1.416238E-02 1.134640E-02 9.359989E-03 5.897450E-03 3.841259E-03
21 1.953660E-03 5.747639E-04 6.096684E-04 7.917022E-05 2.081315E-05
22 1.808262E-05 -4.070492E-08 2.520119E-06 8.084702E-07 1.134459E-06
23 2.499222E-06 -3.293983E-07 4.645052E-08
24 5.533279E-06 1.994206E-05 4.502941E-05 5.912479E-05 8.150354E-05
25 6.397310E-05 1.215679E-04 1.405516E-04 1.622914E-04 1.273140E-04
26 9.752889E-05 1.186158E-04 7.695074E-05 4.901382E-05 9.620118E-05
27 7.236744E-05 4.962902E-05 4.445658E-05 3.888036E-05 4.124193E-05
28 3.775724E-05 1.528685E-05 1.748733E-05 5.502450E-06 2.750180E-06
29 1.849496E-06 5.369502E-07 1.798457E-06 9.028110E-07 5.268112E-07
30 1.268096E-06 3.700407E-07 2.938082E-08
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Appendix B

Generalized-Linear-Least-Square:
formal derivation

This appendix presents two complementary derivations of the Generalized Linear
Least Squares (GLLS) method used in the thesis. Both approaches are well es-
tablished in the nuclear data community [102, 88, 91]. The first uses a Bayesian
framework with Gaussian priors and likelihoods (derived from the MOCABA equa-
tion [103]). In contrast, the second can be obtained from a generalized least-squares
minimization (adapted from NUREG/CR-6655, Appendix B [76]).

Bayesian derivation In a Bayesian interpretation, the nuclear data vector σ is
modeled as a random variable with a Gaussian prior distribution:

p(σ) ∝ exp

[
−1

2
(σ − σ0)

TM−1
σ (σ − σ0)

]
,

where σ0 and Mσ denote the prior mean and covariance, respectively.

Measurements E of integral quantities are assumed to be related to the model
predictions C(σ) through

E = C(σ) + ε ,

with Gaussian-distributed errors ε ∼ N (0, R), where the covariance matrix R =
ME +MM includes both experimental and modeling uncertainties.

The likelihood of observing E for a given σ is therefore

p(E | σ) ∝ exp

[
−1

2
(E−C(σ))TR−1(E−C(σ))

]
.
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Since C(σ) is nonlinear in the nuclear data, we linearize it about the nominal prior
σ0:

C(σ) ≈ C(σ0) + S(σ − σ0) , (B.1)

where S is the sensitivity matrix S = ∂C/∂σ|σ0 .

Applying Bayes’ theorem gives the posterior distribution:

p(σ | E) ∝ p(E | σ) p(σ) .

Substituting the linearized likelihood and the Gaussian prior, and completing the
square, leads to a Gaussian posterior with mean σ′ = σ0 + ∆σ and covariance
M′

σ given by

∆σ = MσS
T
[
SMσS

T +ME +MM

]−1[
E−C(σ0)

]
, (B.2)

M′
σ = Mσ −MσS

T
[
SMσS

T +ME +MM

]−1
SMσ . (B.3)

Equations (B.2)–(B.3) correspond to the so-called GLLS update equations. In
the Bayesian interpretation, the posterior mean is the most probable nuclear data
vector given the prior and experimental information.

Generalized Least-Squares Derivation Here, the derivation is presented in a
consistent notation with the Bayesian formulation to underscore their equivalence.

Let the vector of nuclear data parameters be σ with prior estimate σ0 and prior
covariance matrix Mσ. Integral measurements are collected in the vector E with
associated covariance matrix R. The model prediction of these experiments is
given by C(σ), which depends on the nuclear data. Linearizing the model around
the prior yields

C(σ) ≃ C(σ0) + S(σ − σ0) , (B.4)

where S is the sensitivity matrix with elements Sij = ∂Ci/∂αj.

Define the residual between the experimental and calculated values at the prior as

d = E−C(σ0) , (B.5)

and the parameter update ∆σ = σ − σ0. Assuming small deviations and linear
consistency between adjusted model and measurement data, the adjusted responses
satisfy

y = d− S∆σ , (B.6)

where y represents the remaining mismatch after adjustment.
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The GLLS method determines ∆σ by minimizing a quadratic form that weights
deviations according to their prior covariances:

Q(∆σ,y) =
1

2

(
y

∆σ

)T

C−1

(
y

∆σ

)
, C =

(
R CT

σE

CσE Mσ

)
, (B.7)

subject to the linear constraint (B.6). The off-diagonal block CσE represents the
cross-covariance between model parameters and measurements, which can be re-
tained for generality but is often neglected in first-order adjustments.

Introducing a vector of Lagrange multipliers λ, the problem is recast as the un-
constrained minimization of

R(∆σ,y,λ) = Q(∆σ,y) + λT
(
y + S∆σ − d

)
. (B.8)

Setting the partial derivatives of R with respect to ∆σ, y, and λ to zero leads to
the following first-order conditions:

C−1
∆σ∆σ ∆σ +C−1

∆σy y + STλ = 0 , (B.9)

C−1
yy y +C−1

y∆σ ∆σ + λ = 0 , (B.10)

y + S∆σ − d = 0 . (B.11)

Eliminating y and λ yields a linear system for ∆σ. Neglecting cross-covariances
(CσE = 0) and simplifying, the solution becomes

∆σ = MσS
T
(
SMσ S

T +R
)−1[

E−C(σ0)
]

. (B.12)

The update depends on the prior uncertainty Mσ, the sensitivities S, and the total
experimental covariance SMσS

T +R.

The covariance of the adjusted parameters σ∗ = σ0 +∆σ follows from the prop-
agation of uncertainties through the same linear model. The resulting posterior
covariance is

M∗
σ = Mσ −Mσ S

T
(
SMσ S

T +R
)−1

SMσ . (B.13)

Equivalence with the Bayesian formulation Comparing Eqs. (B.12) and
(B.13) with the corresponding results from the Bayesian formulation (Eqs. (B.2)
and (B.4)) show that the two approaches are algebraically identical under the lin-
earization approximation (B.4). In their current form, these equations are usually
suited for use in the nuclear data adjustment field, whereas for nuclear criticality
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safety assessment, they are used in the form presented in chapter 2. Substantially,
since there is no interest in obtaining posterior value for cross sections in input,
∆σ is inserted in Equation (B.1) to obtain the posterior value for the quantity of
interest, that is keff in this study. Conversely, the posterior covariance matrix is
directly inserted in the sandwich formula to obtain the posterior uncertainty for
the application case.
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