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Abstract

This thesis presents the characterization of fission chambers for neutron monitoring in
the external region of the ALFRED reactor vessel, a European demonstrator for Lead-
cooled Fast Reactor (LFR) technology. The study is based on a dedicated Monte Carlo
simulation framework aimed at evaluating neutron and photon fluxes under realistic
operating conditions. A simplified yet representative model of the reactor geometry
was developed to estimate the radiation environment outside the vessel. Several com-
mercially available fission chambers were analyzed in terms of their sensitivity across
thermal, epithermal, and fast neutron spectra. The results provide quantitative insight
into detector response, operational constraints, and optimal deployment strategies,
supporting the development of reliable neutron instrumentation for Generation IV fast
reactors.
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1 INTRODUCTION AND SCOPE

1 Introduction and scope

The transition toward sustainable, low-carbon energy production has become one of
the primary challenges of the 21st century. Within this context, nuclear energy contin-
ues to represent a key pillar in the global energy mix, offering a reliable and large-scale
alternative to fossil fuels. However, the long-term viability of nuclear energy relies on
continued technological innovation aimed at enhancing safety, minimizing waste, and
optimizing fuel resources. In recent decades, significant research and development ef-
forts have been devoted to Generation IV reactor concepts, which are designed to ad-
dress many of the limitations of current reactor technologies.

Among the various Generation IV systems under investigation, Lead-cooled Fast Re-
actors (LFRs) stand out due to their unique combination of safety, fuel flexibility, and
operational efficiency. These reactors utilize fast-spectrum neutrons and a liquid lead
coolant, which confers several advantages over conventional water- or gas-cooled sys-
tems. The high boiling point of lead, for example, allows for operation at atmospheric
pressure, thereby reducing the risk of pressurized accidents. Moreover, lead offers ex-
cellent radiation shielding properties and is chemically inert with respect to air and wa-
ter, contributing to the overall safety profile of the reactor. From a neutronic perspec-
tive, lead has a low neutron moderation capacity, preserving the fast neutron spectrum
needed for efficient transmutation of actinides and improved fuel utilization.

In addition to their favorable safety characteristics, LFRs are designed to operate
with a wide range of fuels, including mixed oxide (MOX) fuels, minor actinides, and even
fertile materials such as Thorium and depleted Uranium. This fuel versatility opens the
door to closed fuel cycle strategies and the potential for significant reductions in high-
level radioactive waste.

The ALFRED reactor (Advanced Lead-cooled Fast Reactor European Demonstrator)
represents a key milestone in the European road map for LFR deployment. As a pre-
commercial prototype, ALFRED aims to validate the main technological features of LFRs
in an operational environment. Ensuring accurate neutron monitoring within such re-
actors is essential not only for safe reactor operation but also for the qualification of
experimental data, the calibration of simulation tools, and the verification of design as-
sumptions.

In this framework, neutron detection systems—and in particular, fission chambers—
play a fundamental role. Fission chambers are gas-filled detectors that exploit the fis-
sion reactions of fissile isotopes (e.g., U-235 or Pu-239) to provide a current propor-
tional to the incident neutron flux. These detectors are valued for their robustness, real-
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1 INTRODUCTION AND SCOPE

time response, and capability to operate over a wide range of neutron fluxes. However,
their performance can be affected by external conditions, such as high temperatures,
intense gamma radiation fields, and the energy distribution of the neutron spectrum,
especially in fast reactor environments.

This thesis focuses on the characterization of fission chambers intended for deploy-
ment in the peripheral region of the ALFRED reactor, specifically outside the reactor
safety vessel. The selected location poses several technical challenges: the detectors
must endure prolonged exposure to elevated temperatures and intense mixed radia-
tion fields, all while maintaining stability, linearity, and sensitivity. The research ad-
dresses the feasibility of using commercially available fission chambers in this context
and seeks to determine their performance in terms of sensitivity to different neutron
energy ranges: thermal, epithermal, and fast.

The core objectives of this work are threefold:

e To evaluate the suitability of existing fission chamber designs for application in
LFR environments.

e To determine their neutron sensitivity profiles using detailed simulation-based
methods, considering both standard calibration spectra and realistic reactor op-
erating conditions.

e To contribute to the development and optimization of neutron monitoring strate-
gies in LFR systems, enhancing reactor safety, operability, and the accuracy of
nuclear instrumentation systems.

In order to achieve these goals, this thesis employs Monte Carlo simulations us-
ing state-of-the-art computational tools for neutron transport modeling, coupled with
detailed detector geometry and material specifications. The results are analyzed to
identify trends, validate detector sensitivities under different spectral conditions, and
assess overall performance against the requirements imposed by the ALFRED reactor
environment.

The remainder of this thesis is organized as follows:

e Chapter([fintroduces the context, motivation, and objectives of the research, out-
lining its scope within the broader field of nuclear instrumentation and Genera-
tion IV reactor development.

e Chapter[2]presents the theoretical and technical background relevant to the study.
This includes an overview of LFR technology, neutron transport theory, and the
fission chamber physics.

2



1 INTRODUCTION AND SCOPE

e Chapter (3| describes the methodology adopted throughout the work, including
the design of simulation models, selection of materials and detector types, and
implementation of variance reduction techniques to ensure computational effi-
ciency.

e Chapter[d|discusses the Monte Carlo simulation results in detail, providing quanti-
tative analyses of the energy-dependent flux response and the influence of place-
ment and environmental conditions. The chapter ends with the last data analysis
and final discussion about their implications for fission chamber deployment in
LFRs.

e Chapter[5 concludes the thesis by synthesizing the main findings and providing a
general overview of the study.
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2 Technological Overview and Fundamen-
tal Concepts

This chapter provides the necessary background to understand the context, motiva-
tions, and technical foundations of the study. It is structured into two main parts:
the first focuses on the characteristics of Lead Fast Reactors (LFRs), while the second
presents an overview of the fission chambers considered for neutron flux monitoring
in such a system.

The first section (Section outlines the fundamental principles of nuclear fission
and the basic components and operation of a nuclear reactor, laying the groundwork
for the subsequent focus on ALFRED (Advanced Lead Fast Reactor European Demon-
strator), a reference design used in this work. This part highlights the specific features
of LFR technology, including its safety characteristics, coolant choice, and relevance in
the context of next-generation nuclear systems.

The second section (Section[2.2) examines the main characteristics of fission cham-
bers with an initial discussion on generic fission chamber technologies, their operating
principles, and typical applications in radiation detection. Then it narrows down to the
selection and suitability of fission chambers for LFR environments, with an emphasis
on the particular challenges posed by fast-spectrum lead-cooled systems.

In summary, this chapter forms the technical foundation for the modeling and sim-
ulation activities described in the subsequent chapters.

2.1 Main characteristics of the Lead Fast Reactors

2.1.1 Nuclear Fission

Nuclear fission is a nuclear reaction in which the atomic nucleus of heavy elements
(such as Uranium and Plutonium) undergoes decay, splitting into nuclei of lighter atoms
with lower atomic numbers—and consequently lower masses—while releasing a sub-
stantial amount of energy [11[2][3][4].

It has been well established since the early stages of nuclear era that, in the pres-
ence of a neutron flux, a Uranium-235 (§§5U) nucleus tends to capture a neutron, form-
ing Uranium-236 (225U), which subsequently undergoes immediate fission. This reac-
tion results in the formation of lighter nuclei, referred to as fission products or fission

>



2 TECHNOLOGICAL OVERVIEW AND FUNDAMENTAL CONCEPTS

fragments (see Figure [ left) [1][2][4]. The probability of neutron capture is inversely
proportional to the velocity of the neutron; therefore, the so-called 'thermal-energy
neutrons’, i.e., at thermal equilibrium with the environment and therefore the lowest
speed, are those that maximize the probability of a fission process[3].

The energy released during fission corresponds to the difference between the mass
of the Uranium-236 nucleus and the combined mass of the two resulting fission frag-
ments, with this mass difference converted into energy according to Einstein’s mass-
energy equivalence [1][2]. The fission fragments propagate through the surrounding
medium, interacting via electrostatic forces with the negatively charged electron clouds
of nearby atoms. As a result of these interactions, they gradually lose velocity and even-
tually come to rest within a few thousandths of a millimeter, converting their kinetic
energy into thermal energy [2][3][5].

However, the heat generated by a single fission event is negligible; fission would not
be a viable energy source without a cumulative effect known as the chain reaction. In
addition to producing the fission fragments, each fission event releases on average, two
to three fast neutrons, referred to as fission neutrons. These neutrons, upon propaga-
tion through the medium, may collide with other Uranium-235 nuclei, inducing further
fission events. This process results in successive generations of neutrons, which in turn
trigger additional fission reactions, leading to a self-sustaining chain reaction (see Fig-
ure [1, right)[1][3][4]. This mechanism, if properly controlled, enables the large-scale
production of energy within a nuclear reactor, making nuclear fission a practical and
industrially exploitable process[4].



2 TECHNOLOGICAL OVERVIEW AND FUNDAMENTAL CONCEPTS

")

Neutron

Fission
products

Neutron

Figure 1: Schematic illustration of the fission nuclear process (to the left) and of the
chain reaction (to the right).

Particle / Energy Type Origin Energy (MeV)
Fission fragments Nucleus splitting ~ 168
Neutrons (2-3 per fission) Emitted during fission ~5
Prompt gamma rays Immediate nuclear de-excitation ~ T
Delayed gamma rays Decay of fission products ~ 6
Beta particles (electrons) Beta decay of fission products ~ 8
Electron antineutrinos Beta decay of fission products ~ 12

Table 1: Energy components and their origin in a typical nuclear fission event induced
by a thermal neutron (E~0.025 eV). Values are average estimates.
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Particle / Energy Type Origin Energy (MeV)
Fission fragments Nucleus splitting ~ 170
Neutrons (2-4 per fission) Emitted during fission ~ 7
Prompt gamma rays Immediate nuclear de-excitation ~ 7.5
Delayed gamma rays Decay of fission products ~ 6
Beta particles (electrons) Beta decay of fission products ~ 8
Electron antineutrinos Beta decay of fission products ~ 12

Table 2: Energy components and their origin in a typical nuclear fission event induced
by a fast neutron (E~1MeV). Energy values are approximate averages.

2.1.2 The Nuclear Reactor

A nuclear reactor is a complex technological system through which nuclear energy is

produced, controlled, and converted into electrical energy for practical use[6]][7]. Among
the various reactor types developed, one of the most common is the Pressurized Wa-

ter Reactor (PWR), depicted in Figure[2| This reactor is schematically composed of the

containment structure, the core, the heat exchange systems, and the steam turbines

[Z1[8]. The core, the region where the chain reaction occurs and heat is generated, is

approximately cylindrical in shape and consists of the following components [6]:

e Fuel - Typically a mixture of uranium isotopes, primarily containing Uranium-235
(235U), where fission takes place. Natural uranium is a mixture of 23°U and 238U
(which does not undergo fission for thermalized neutrons), with 23U making up
0.7% of the total. This concentration is too low to sustain a stable chain reaction.
Therefore, the uranium undergoes enrichments to increase the 23°U content to a
few percent. The fuel is generally in the form of uranium oxide, contained within
cylindrical fuel rods [6]][7].

e Moderator - A material with a lower atomic mass than fuel, typically water, in
which the fuel rods are immersed. The moderator slows down the neutrons pro-
duced by fission, a necessary condition for sustaining further fission reactions and
maintaining the chain reaction [6][7].

e Coolant - The substance that circulates around the fuel elements, keeping them
at operational temperatures and transferring the heat generated by fission to be
converted into mechanical energy in the turbine generator, ultimately produc-
ing electricity. In PWR reactors, such as the one depicted, the coolant and the
moderator are the same substance, meaning that pressurized water serves both
functions [6][8].



2 TECHNOLOGICAL OVERVIEW AND FUNDAMENTAL CONCEPTS

e Absorber - A material (such as boron, cadmium, gadolinium, etc.) with extremely-
high radiative capture corss section, and therefore capable of absorbing neutrons
and removing them from the chain reaction. By adjusting the amount of absorber,
the number of neutrons available for fission can be controlled, thereby regulating
the chain reaction. The absorber is typically in the form of movable control rods,
which can be inserted or withdrawn from the core, even in small increments, to
precisely adjust neutron flux [6][9].

From a functional perspective, even a minor temporary variation in the depth of im-
mersion of the control rods allows for power adjustments by increasing or decreasing
neutron absorption. In this type of reactor, the moderator water absorbs heat from the
fuel without boiling, as it is maintained at high pressure. It is then circulated through a
heat exchanger, serving simultaneously as a coolant and thermal carrier [6][8].

Steam outlet
Container

Water inlet Cold water inlet

Figure 2: lllustrative scheme of a Pressurized Water Reactor: (1) core; (2) modera-
tor/coolant; (3) steam generator; (4) turbines; (5) capacitor; (6) cooling tower.

The operational sequence of a nuclear reactor can be summarized as follows (refer

to Figure[2) [7][8]:
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1. The fuel (green) heats the pressurized water. Control rods (gray) absorb neutrons
to regulate or halt the fission process.

2. The fuel and control rods are surrounded by pressurized water, which functions
both as a moderator and a coolant.

3. The heated water from the reactor is pumped through a heat exchanger, where
it generates high-pressure steam in the secondary circuit.

4. The steam drives a turbine to generate electricity.

5. A condensation system removes the latent heat, converting the exhaust steam
from the turbine back into water, which is then recirculated by the steam gener-
ator.

6. The water circulating in the condenser is typically passed through a cooling tower,
where heat is dissipated into the atmosphere [7][10].

Generations of Nuclear Reactors

At the dawn of the nuclear era, starting in the second half of the twentieth century,
a wide variety of nuclear technologies were developed and tested, differing primarily
in fuel type, moderator, and coolant medium. This marks the First Generation (Gen I)
of nuclear reactors [10]. Over the following decades, advancements and refinements
led to the development of subsequent reactor generations, as illustrated in Figure[3

Generation IV
Generation lll+
Generation lll g

G on Generation Il Evolutionar 1 Revolutionary
eneration ’ : Advanced lanary designs
E Commercial power L desll.]ns
Early prototype [eactons - WhRs

reactors

l"-lnn n

» W - W
1950 1960 1970 1980 1530 2010 2020 2030

1 Genl
1 1

Figure 3: Generation of nuclear fission power plants. The time intervals correspond to
the design and early implementations of several generations of reactors.
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With the onset of the demonstration and commercial phase in the 1960s (Beginning
of the Second Generation, Gen Il), only a few of these technologies became dominant,
establishing themselves as key reactor types [10][8]. Today, nearly all of the 439 oper-
ational nuclear reactors worldwide fall into three main categories:

e Pressurized Water Reactors (PWR)
¢ Boiling Water Reactors (BWR)
e Pressurized Heavy Water Reactors (PHWR)

The drive to increase reactor power output (up to few gigawatts of thermal energy per
reactor) has played a crucial role in nuclear development, enabling economies of scale
that have significantly reduced the impact of capital investment costs on the overall
cost of energy production, thereby improving economic viability [10].

From the 1990s onward, the development of Third Generation (Gen IIl) and Gen-
eration lll+ reactors introduced significant safety improvements, primarily through the
ever-increasing integration of passive safety systems. These systems do not require
human intervention or external power sources, relying instead on natural physical phe-
nomena for emergency response [10][8]. The combination of enhanced safety and im-
proved economic competitiveness has driven the success of these reactors, which to-
day represent the primary commercially available designs for new nuclear installations
worldwide [10].

At the turn of the 21st century, the international nuclear community laid the foun-
dation for the development of Fourth Generation (Gen IV) reactors, designed to achieve
even higher standards in terms of safety, sustainability, economic efficiency, and non-
proliferation [10][11]. Approximately 100 experts from Generation IV International Fo-
rum (GIF) evaluated over 130 reactor designs and selected 6 advanced reactor concepts
that best align with these objectives (Figure[4) [11]:

1. Gas-Cooled Fast Reactor (GFR)

2. Lead-Cooled Fast Reactor (LFR)

3. Molted Salt Reactor (MSR)

4. Supercritical Water-Cooled Reactor (SCWR)
5. Sodium Cooled Fast Reactor (SFR)

6. Very High-Temperature Fast Reactor (VHTR)

11
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3as Cooled Fast Reactor  Supercritical Water Cooled Reactor  Molten Salt Cooled Reactor

Figure 4: Plant diagram of the 6 Generation IV fission reactor technologies.

Some of these technologies (GFR, LFR, MSR, SFR) employ a coolant with minimal neu-
tron moderation capability, classifying them as fast reactors. This characteristic al-
lows for the maximization of sustainability and safety objectives [12][13][11]. Several
of these designs have well-established historical backgrounds and technological expe-
rience, with notable startups and major industry players considering them for commer-
cialization and next-generation nuclear deployment [8].

2.1.3 LFR: The Leading Gen IV Technology

Among the Gen IV reactor concepts, many organizations, particularly within the Euro-
pean Union, recognize the Lead-Cooled Fast Reactor (LFR) as one of the most promising,
advanced, and closest to commercialization[14][13][11]. Alongside the Sodium-Cooled
Fast Reactor (SFR), the LFR is one of the few Gen IV designs with prior operational ex-
perience, dating back to its early applications in submarine propulsion during the 1950s
and 1960s in the Soviet Union, the United States, and the United Kingdom [15][16].

The LFR possesses several key attributes that align with Gen IV objectives and long-
term sustainability goals [9][11]:

e Fuel Cycle and Waste Management: As a fast reactor, the Lead-cooled Fast Re-
actor (LFR) enables a closed fuel cycle through the use of fast neutrons, which

12
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can induce fission in Uranium and Plutonium isotopes contained in spent nuclear
fuel. This is made possible by the use of lead as a coolant, a material with very
low neutron moderation compared to water, thereby preserving a hard neutron
spectrum. Consequently, the LFR can efficiently burn spent fuel, minimizing nu-
clear waste production and reducing long-term radiotoxicity through advanced
reprocessing techniques.[17][18].

e Economic Efficiency: the high heat transfer efficiency of liquid lead allows for a
compact and simplified reactor design. The high operating temperature enables
additional applications, such as industrial heat supply [14][12][20].

o Safety Features: lead coolant is chemically inert, eliminating risks associated with
steam explosions or hydrogen production (as in water-cooled reactors). Its high
thermal capacity provides passive cooling, significantly reducing the risk of core
damage during accidents. Lead offers effective radiation shielding, minimizing
radiation exposure risks [21][7].

e Non-proliferation benefits: as a fast reactor, the LFR can operate using Mixed
Oxide Fuel (MOX), a blend of Uranium and Plutonium, which makes plutonium
extraction for weaponization significantly more challenging [22].

The high neutron fluence characteristic of fast reactors presents significant technolog-
ical challenges related to materials performance (i.e., Displacement Per Atom, DPA, ef-
fect on fuel cladding and structural reactor materials), which currently limit the oper-
ational lifespan within the reactor [17]. Additionally, the use of liquid lead introduces
further technological hurdles, primarily concerning corrosion, erosion, and chemical
control of lead, as well as core integrity studies, instrumentation, and inspection tech-
niques, along with the reliability of lead recirculation pumps [18]. The most advanced
solutions currently under study or in experimental phases include the implementa-
tion of lead oxidation control techniques, the development of specialized metal al-
loys, and/or the application of protective coating layers at the lead interface, all of
which are considered promising candidates for effectively addressing these challenges
[141[1190[171.

13
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21.4 ALFRED

Concept of the ALFRED project

Among the many LFR design solutions and models studied worldwide, the one called
“ALFRED” —Advanced Lead Fast Reactor Demonstrator—is considered the reference one
at European level [14][19][23]. Its Research and Development (R&D) action is currently
maintained and supported by an international consortium made by Italian (Ansaldo
Nucleare and ENEA), Romanian (RATEN), and Belgian (SCK CEN) Organizations [20]]. To
date, the ALFRED’s R&D roadmap aims to establish a research infrastructure (RI) being
built and to be built in Romania, as well as complementing the existing European facil-
ities. The RI, covers all experimental aspects necessary to achieve the highest levels of
Technology Readiness Level (TRL) for the LFR technology [17]. The guiding concept of
the project is the ALFRED reactor itself, that is foreseen to be built in Romania around
~2040: an innovative nuclear reactor designed to demonstrate the revolutionary po-
tential of LFR technology and subsequently support the safe and sustainable operation
of future reactors [18]][21]. ALFRED is therefore of fundamental importance and must
be conceived based on criteria and specifications derived from the project’s objectives,
rigorously designed to integrate safety and flexibility, and fully qualified for its imple-
mentation [2][11]. It is underlined that the ALFRED’s design, specifications and oper-
ational stage’s approach are currently under review: this means that the information
reported in the subsequent paragraph shall be intended as purely indicate and subject
to changes in the near future. Furthermore, these potential changes are expected not
to impact the validity of the work performed in the present study [20].

ALFRED Design

The inspiring vision of the ALFRED project translates into a set of ambitious objec-
tives, with the ALFRED reactor as its central element. The reactor design embodies this
vision, guided by high-level criteria, with safety as the primary focus and demonstra-
tive capabilities as the main objective [14][19][23]. ALFRED's safety approach follows the
guidelines of the Generation IV International Forum and aims to eliminate any possibil-
ity of radiological release that could pose a threat to the population and environment
[20[11].

The demonstrative goal is twofold:

1. To serve as a demonstrator/precursor of the Generation IV LFR concept.
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2. To act as a prototype for a small modular reactor (SMR) based on LFR technology
for near-term deployment [20].

These objectives are further supported by additional safety and demonstration cri-
teria, from which more specific criteria for option selection and design are derived [17].

To achieve these objectives simultaneously, the reactor’s sizing has been linked to
the Staged Approach for the demonstrator, allowing the system to operate under differ-
ent conditions, starting from low power and low temperature and gradually processing
to the operating conditions expected for a commercial reactor. This process is sup-
ported by the reactor itself, which provides scientific evidence and operational experi-
ence to justify safe operation to regulatory authorities [24]. Table 1 outlines ALFRED’s
operating conditions under the Staged Approach[20].

Stage O Stage 1 Stage 2 Stage 3
. Low Medium
Commissioning Temperature Temperature LFR prototype
Core inlet
temperature 390 390 400 400
(°C)
Core outlet
temperature 390 430 480 520
(°C)
Core thermal
power (MW) 0 100 200 300
Live steam B 170 175 180
pressure (bar)
Live steam
temperature — 420 435 450
(°C)

Table 3: ALFRED Staged Approach in operation.

General overview of the reactor

The first ALFRED design originated from early studies conducted within the Euro-
pean LEADER project. Since then, it has undergone several revisions to incorporate
scientific advancements and optimize the plant configuration from a thermohydraulic
perspective [19][20].
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The overall architecture of ALFRED’s Reactor Cooling System (RCS) follows a pool-
type design with an azimuthal periodicity of 120° [17][13]. The hot lead from the core
outlet, located in the central area of the inner vessel (1V), is extracted by three symmet-
rically arranged reactor cooling pumps (RCPs) and discharged into an upper annular
region known as the hot pool (HP) [18][20]. From there, the lead flows through three
symmetrically arranged steam generators (SGs), where it is cooled by transferring heat
to the power conversion system under normal conditions or to the primary decay heat
removal system (DHR) in accident scenarios [17][7].

Upon exiting the steam generators, the lead descends into a second plenum known
as the cold pool (CP). In parallel with the SGs, three emergency heat exchangers, called
dip-coolers (DCs), are connected to a redundant and diversified passive decay removal
safety system (E-DHR) [19][20]. An internal structure (IS) separates the hot pool and the
cooling pumps, ensuring the integrity of the primary components. The IS is equipped
with a baffle, which prevents the immediate return of lead to the core by forcing it to
rise vertically, pass through openings at the top of the baffle, and descend into the an-
nular gap between the IS baffle and reactor vessel (RV) [17]. Upon reaching the plenum
at the bottom of the RV, the lead passes through the radial support of the inner vessel
(IV) before entering the core [17].

The pool-type configuration establishes a physical separation between the hot and
cold regions of the reactor, minimizing the amount of lead at maximum temperature
and preventing its direct contact with the RV [19][13]. The fluid motion is forced mul-
tiple times to descend and ascend within the reactor, creating a predominant flow in
each region of the Reactor Cooling System, engaging the entire lead mass, maximizing
its effective thermal capacity, and preventing stagnant regions [18][20]. The perfora-
tions in the IS baffle prevent thermal stratification and hot spots in the upper regions
near the cover gas (CG), ensuring uniform temperature distribution both under normal
forced circulation operation and under accidental natural circulation conditions [17].

The entire Reactor Cooling System is enclosed within a safety vessel (SV), which
ensures that in the event of an RV failure, the lead level remains above the active core
region and the connection sections, thereby guaranteeing natural circulation for core
cooling [20][7].
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Figure 5: General system architecture of the ALFRED reactor coolant system. The fig-
ure shows the geometric configuration of some of the major components of the RCS
together with the internal structures that guide the motion of the fluid.

Reactor Vessel

The reactor vessel (RV) has a cylindrical shape with hemispherical bottom. The up-
per section is connected via a Y-junction to the reactor support ring through a conical
skirt that supports the entire weight of the RCS, including the reactor cover. All internal
components are attached to the cover through standard circular flanges. The cover is
bolted to the RV flange and sealed [19][20].

A truncated cone is designed to be welded to the hemispherical bottom, serving
as a radial constraint for the internal structure. AISI 316 LN (or AISI 316 L9) is consid-
ered the preferred material due to its good compatibility with the coolant [17][18]. The
RV has no nozzles below the free lead level (all penetrations are through the cover).
The RV is designed for a minimum operational lifetime of 40 years, with a maximum
expected operating temperature not exceeding 400°C [19][20]. It is here just specified
that, thanks to this limit in operating temperature, it is sufficient to apply proper oxygen
control strategy to protect materials from lead corrosion, thus preventing the need for
coatings the materials [17].
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Feasibility studies are currently underway to define the most suitable strategy for
manufacturing, transporting and delivering the RV and SV, which represent the reac-
tor’s largest components [20].

Y-Junction

Cylindrical wall

—

Hemispherical

Cone Frustum \ bottom

\/

Figure 6: Cutaway of the ALFRED reactor vessel.

Internal Structure

The internal structure (IS) directs fluid flow, separates hot and cold regions, and
houses other key components, ensuring sealed connections and allowing their removal
if needed. The IS is supported by the conical trunk and connected to the reactor vessel
flange at its interface with the reactor cover [17][19].

Since replacing the IS would require complete disassembly of the Reactor Coolant
System, it is designed to withstand Stage 3 conditions and is not classified as a safety
component. Consequently, periodic inspections requiring component extraction are
not necessary [20].

The connection between the IS and main equipment, such as steam generators
(SGs) and reactor coolant pumps (RCPs), is achieved through hydraulic or mechanical
seals. These seals allow relative movements due to temperature differences and facili-
tate component replacement [17].
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The IS is designed for a lifespan of at least 40 years. To protect against lead cor-
rosion, in addition to oxygen control, a coating strategy using Al;O5 is planned. The
coating will be applied through chemical vapor deposition (CVD) or pack cementation
(PC). Given that the IS is not easily removable, the coating must be applied form the
start of operations (Stage 0) [17][18].

Hot pool region
Upper windows

N/

Pump Duct

Steam Generator
channel

Figure 7: Cutaway of ALFRED internal steel structures.

Core and Fuel Handling

The Staged Approach poses a challenge for core design: one of the key criteria is
having a single core configuration suitable for all operational phases of ALFRED. Addi-
tionally, the need to protect mechanical structures from the corrosive effects of lead
increases as the coolant temperature rises[17][13].

e Stage 1: No additional protection strategy is required beyond oxygen control.

e Stage 2: The cladding will be coated with Al,O5 using pulsed laser deposition
(PID).

e Stage 3: Coatings will be applied to all core surfaces due to the higher operating
temperatures [17].
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The core consists of fuel assemblies (FAs), control rods (CRs), safety devices (SDs), a
test assembly, and a dummy assembly. It is housed within the inner vessel (IV), which
supports and constrains it. The IV can be extracted after removing all sub-assemblies
(S/As). The same corrosion protection considerations as for the internal structure apply
to the IV, but its design lifetime is reduced to approximately 20 Years to neglect irradi-
ation effects [17][19].

A diagrid (core support plate) ensures the correct positioning and support of all
S/As and contributes to flow distribution. The coolant enters the fuel elements through
holes in the lower part of a “spike” and flows through a bundle of fuel pins enclosed
in a hexagonal tube (wrapper). Each FA contains 126 fuel pins arranged in a triangular
lattice, with a central position reserved for additional in-core instrumentation [23].

The fuel selected for ALFRED is mixed uranium-plutonium oxide (MOX). The cladding
and structural materials of FAs are made of a specialized austenitic stainless steel, Austenitic
Improved Material 1 (AIM1). A high burnup of up to 100 MWd/kgHM|is expected. In
later operational stages, the cladding and eventually all FA structures, will be coated
with Al,O5 [171[19].

At the core center, a dedicated in-pile test section is reserved for irradiation qualifi-
cation of coated FAs during Stages 1 and 2 or for advanced FA designs during and after
Stage 3. Around the active region, 102 dummy assemblies are positioned [17].

The core is completed by 12 control rods (CRs) and 4 safety devices (SDs):

e CRs consist of absorber pin bundles that enter the core from the bottom, using
boron carbide enriched in !°B as the absorber material.

e SDs provide a diversified and redundant shutdown system, with highly enriched
boron carbide and the absorber. The absorber can enter the core via two mutually
exclusive passive insertion mechanisms, both leveraging buoyancy for bottom-up
insertion [19][13].

The transfer of FAs between the external environment and the RCS is performed using
specially designed flask, ensuring the safe movement of both fresh and irradiated fuel
while keeping it submerged in a lead inventory [17].

'A burnup quantifies how much energy is extracted from a given amount of nuclear fuel. Therefore,
MW stands for Megawatt-days (a measure of energy produced) and kgHM stands for Kilograms of Heavy
Metal (the initial mass of fissile/fertile material, such as uranium and plutonium)

20



2 TECHNOLOGICAL OVERVIEW AND FUNDAMENTAL CONCEPTS

A & A
A A TR A KR A AN

'Y
A A AT AT D A A A
SR ol ST
Fy e .
L&y

Fuel assembly - Outer zone

uel assembly - Inner zone

Control rod

afety device

est Assembly - in - pile Section

Durnmy Assembly - Reflector
Dummy Assembily -Shield

Figure 8: Simplified section of ALFRED core.

Steam Generators and Power Conversion System

The steam that transfers thermal energy to the Power Conversion System (PCS) in-
terfaces with the Reactor Coolant System (RCS) through three bayonet tube bundle
Steam Generators (SGs), symmetrically immersed in the primary pool. SG concepts
based on bayonet tubes have been studied and experimentally tested. Initially, the
option of double-wall tubes was considered, but it was later abandoned in favor of
single-wall tubs, with the containment function entrusted to the Internal Structure baf-
fle [19][17]]. Table 2 provides relevant data on the ALFRED SGs, specifically regarding its
operation in Stage 2. The material selected for Stages 1and 2 is AlSI 316L, while for Stage
3, coatings or new corrosion-resistant materials are to be qualified. Figure [9]illustrates
some details of the SG [20].
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Parameter Value Unit
Number of SGs 3 —
Number of tubes (each) 880 —
Primary side temperatures 480/400 °C
(inlet/outlet, Stage 2)
Primary side (Lead) mass flow rate 5615.2 Kg/s
Secondary side temperatures 335/425 °C
(inlet/outlet, Stage 2)
Secondary side (water) mass flow 443 Kg/s
rate (Stage 2)
Material (Stage1 and 2) AISI 316L —

Table 4: A table with 3 columns and 7 rows
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Figure 9: View (left), cross-section (middle) and details of the ALFRED steam generator.
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Reactor Coolant Pumps

The Reactor Coolant Pumps (RCPs) are currently under design, leveraging experi-
ence gained from operational experimental facilities. The RCPs are housed within an
IS duct connecting the core outlet plenum to the Hot Pool (HP) and are exposed to
the high temperatures of the hot Lead. Protection methods against the corrosive and
erosive attack of molten Lead are therefore required. Their installation in the IS ducts
ensures ease of extraction. The design incorporates the critical requirements of low
hydraulic resistance when the impeller is locked, facilitating natural circulation in ac-
cidental conditions. The RCPs are bolted to the reactor cover using standard circular
flanges and are equipped with an inverter-driven motor. Table 3 presents key data on
the RCPs. The main material used is AISI 316L or AISI 321H, with protection ensured

through aluminization by diffusion [17][13][20].

Parameter Value Unit
Stage 1 Stage 2 Stage 3
Nominal flow rate 1908 m3/h
Nominal head 1.5 m
Minimum/maximum flow rate 900/1980 m>/h
Lead velocity (max/bulk) 10/2 m/s
Bulk material AISI 316L or AlSI 321H —
Lead protection mean Aluminization by diffusion coating —
Design lifetime 5 5 20 years
Rotational speed 289 rpm
Hydraulic efficiency 73 %
Power supply 108.15 kw
Motor supply 200 kw

Table 5: Main data of the ALFRED reactor coolant pump.
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Figure 10: View (left) and cross-section (right) images of the ALFRED coolant pump.

2.2 Main characteristics of the fission chambers

2.21 Generic fission chambers

Fission chambers are specialized neutron detectors that provide real-time measure-
ments of neutron flux. They specialize in the monitoring and control of nuclear reac-
tors, ensuring safe and efficient operation. [5][25].

A generic fission chamber is composed of two coaxial electrodes where at least one
electrode, generally the inner one (anode) is coated with fissile or fertile materialsﬂ
from a few micrograms to few grams. The chamber is generally filled with a pressurized
inert gas at few atmospheres, typically argon at 1.5 bar, to minimize secondary ion-
ization and parasitic contributions and to avoid gas escaping out of the chamber. The
inter-electrode gap can be from tens of microns to few millimeters. When the neutrons
interact with the nuclei of the fissile deposit atoms, they likely undergo fission generat-
ing two heavily charged ions emitted in two almost opposite directions [25][26].

2Fissile isotopes, like 238U and 239Pu , are the ones that undergo fission with low-energy (thermal)
neutrons, thus sustaining fission chain reaction. Fertile isotopes, like 23°U and 232Th, do not undergo
fission when interacting with low-energy neutrons but can be converted into fissile materials through
neutron absorption.
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One product stops either in the fissile layer or in the chamber wall, the other exits
from the deposit and ionize the fill gas along its trajectory, creating electron-ion pairs.
The range of direct current applied should be high enough to collect all the charges
and low enough to avoid secondary ionization. If these conditions are met, the fission
chamber can act like an ionization chamber operating in the saturation regime, and so
its signal, i.e., the counting rate, is proportional to the fission rate and consequently to
the neutron flux. In this situation, the signal becomes dependent only on the cham-
ber characteristics and the ambient flux while almost insensitive to the applied voltage
[5][271[28]. The gamma photons, that directly ionize the filling gas, also generate a sig-
nal whose suppression is one of the biggest concerns in the case of modeling of fission
chambers [28].
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Figure 11: Fission chamber scheme in which the principal general characteristics are
depicted.

Three modes of operation

A great advantage of fission chambers in case of use as in-/out-core instrument is
that it facilitates the tracking of flux amplitude over a large dynamic range correspond-
ing to about 15 decades of reactor operation. A fission chamber can be operated in
three different modes, i.e., pulse, Campbelling (or Mean Square Voltage, MSV, or fluc-
tuation), and current. These three modes constitute a wide dynamic range depending
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on the neutron flux magnitude of the system and on the fission rate of the fissile mate-
rial of the chamber[5][25][26].

At ambient low neutron fluxes, the fission rate is so low that each electronic pulse in-
duced by a nuclear fission can be counted event by event. The event rate, being closely
related to the fission rate, produces a signal which is a series of well separated pulses
to trigger a counter, therefore, the fission chamber can operate in “pulse mode”. Mon-
itoring a quantity proportional to the flux is much easier in this mode as the average
delay between two pulses is much larger than the pulse duration. It is just about finding
an optimum discriminator level to eliminate the background noise in the current pulse
while measuring the counting rate [27][28].

As the neutron flux increases, the fission rate becomes sufficiently large that pulses
inside the chamber overlap and can no longer be separated or processed event by
event. This pile-up generated by the high fission rate calls for a current mode acqui-
sition and the characteristics of the overall current needs to be measured in this case.
According to the Campbell theorem, if the basic neutron detection process is Poisso-
nian, the moments of this type of stochastic process depend on the event rate. In other
words, the fission rate in this case is proportional to the first two statistical moments
of current, i.e., average and variance. So, the “current mode” corresponds to the mea-
surement of average current and the “Campbelling mode” corresponds to the current
variance [28].

Current mode poses a challenge to neutron detection because it comes with signifi-
cant gamma contribution (usually 1- 10% of the signal depending on the geometry) and
allows no straightforward way for gamma discrimination. This mode is based on the
first part of Campbell’s theorem which states the average value of the current from a
random current pulse source is proportional to the average pulse rate and thus charge
produced per event is proportional to the pulse height. To keep track of gammas in cur-
rent mode sometimes a simultaneous irradiation of a deposit-less chamber is utilized.

The Campbelling mode (or Mean Square Voltage, MSV), representing the second
moment or cumulant (variance), offers a much better discrimination against the gam-
mas. In this mode the signal or the variance of the current is proportional to the average
pulse rate and to the square of the charge produced per event which in turn is related
to the square of the pulse height. The average number of charge pairs created by a sin-
gle fission product is much larger than that produced by a single gamma ray. Thus, the
measurement of the variance of the detector current suppresses effectively the contri-
bution of the low-amplitude gamma-induced pulses if a suitable bandwidth is chosen.
The Campbelling mode is of much interest not only for noise reduction from the signal,
but also for signal processing over a wide measurement range of 10 - 15 decades and
taking advantage of higher order statistics to extract additional information on the de-
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tection process quality [5][27][25][26].

2.3 Fission chambers Suitable for LFR applications

The instrumentation for measuring neutron flux available worldwide is primarily de-
signed for thermal neutrons since most power reactors are Light Water Reactors (LWRs),
where the monitored neutron energy spectrum is dominated by the thermal contribu-
tion. Consequently, the technical specifications of neutron monitors generally relate to
measuring particle fluxes within a thermal spectrum. When monitoring neutron fluxes
with varying energy spectra, the instrument’s performance within their specific exper-
imental setup should be evaluated through direct measurements, corrective calcula-
tions, or simulations. This paragraph discusses the state of the art in neutron instru-
mentation for measuring fast neutron fluxes in high-temperature environments, i.e.,
the main characteristics of the LFR, based on manufacturer-provided data for thermal
spectra [29][25][28].

Beyond the chemical aggressiveness of lead, temperature—approximately 420°C
under nominal operating conditions for the in-core applications—represents the pri-
mary challenge for neutron instrumentation, limiting both technological and commer-
cial feasibility. The necessity to withstand accidental conditions, where temperatures
may exceed the operational limits of neutron probes—with current high-temperature
fission chambers reaching a maximum of 600°C—further complicate the issue [17][5][28].

Fast reactors exhibit neutron fluxes at full power that are two orders of magnitude
higher (10'% n/cm? s compared to 10 n/cm? s) than those in thermal reactors, neces-
sitating instrumentation capable of covering a broader neutron flux range, from zero
to nominal power. The most critical challenge arises at the extremes of this range: an
insufficient neutron population at startup, leading to signals below detection threshold
(blind window), and excessive neutron bombardment near nominal power, which could
rapidly degrade the sensitive material. In such cases, shielding or repositioning may be
needed [26][28]].

A single instrument is rarely sufficient; however, certain fission chambers can cover
up to 15 decades of neutron flux by combining their different operating modes. Con-
sidering this premise, neutron instrumentation can be categorized into three groups
based on the reactor power range [5][25]: Start-up range (10? — 10° n/cm? s): predom-
inantly gamma background; neutron detector operates in pulse mode. Intermediate
range (10 — 10'2 n/cm? s): comparable gamma and neutron background levels; de-
tectors function in pulse mode with compensated chambers or in Campbelling mode.
Power range (10'? — 10'® n/cm? s): negligible gamma background; detector operates
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in current mode without the need for gamma discrimination. A lead-cooled fast reac-
tor (LFR) requires continuous in-core monitoring due to its large dimensions and high
enrichment levels, making radial and axial internal mapping essential for reactor anal-
ysis safety. Given the operating conditions of LFRs, several manufacturers of fission
chambers (Centonic, Photonis, etc.) offer models potentially applicable to the ALFRED
reactor. Table 4 presents the characteristics extracted from the technical specifications
for measuring a thermal spectrum that will be updated for the specific neutron spectra
of potential ALFRED installations using the procedure described later [28]][29].

Model | Max operating Sensitivity Dimension (mm)
Temperature (°C)

Pulse[cps/nv] | current[A/nv] | diameter | length
CFUCO6 600 1.0 2x 10713 48 412
CFUE24 400 1 x 1072 1x 1075 7 150
CFUE32 600 1x 1073 1 x 10716 7 150
CFUF43 350 — 1 x 107" 4.7 86
CFUR43 350 — 3x 10718 3 42
CFUZ53 350 — 5x 10718 1.5 49
CFUR64 400 8 x 107° 9.2 x 10719 3 42

Table 6: Reference Photonis fission chamber characteristics commercially available, ap-
plicable to the reactor ALFRED.

As previously mentioned, fission chambers con operate in pulse mode, Campbelling
mode, and current mode, depending on the neutron flux level.

e Pulse mode is used for low neutron populations, and inherently discriminates
against gamma and alpha background radiation. However, high gamma fluxes can
interfere with the electronics and reduce the maximum count rate measurable
without losing proportionality. The referenced Photonis fission chambers support
a maximum gamma dose of 10* Gy/h.

e Campbelling mode and current mode are typically used in reactors with high neu-
tron fluxes, where pulse mode operation is no longer feasible. The main chal-
lenges in Campbelling and current mode are related to the significance of the
current signal, which can be affected by interference such as:

- Alpha current: gas ionization due to alpha particles emitted by the fissile
layer.

- Gamma current: indirect gas ionization caused by photons from the reactor
or the decay of fission products in the fissile layer (which increases with
burn-up).
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- Leakage current: ohmic losses in the insulator (typically alumina, Al,O3),
which worsen significantly with temperature (at 600°C, leakage can be 10*
times higher than at 20°C) [28][27].

There is a low threshold for a useful current signal, above which the current is pro-
portional to the fission rate and neutron flux. An upper limit is determined by the in-
crease in charge density in the gas, which may cause anode shielding effects and loss of
proportionality. These limits depend on geometry, applied voltage, chamber sensitivity,
and electronics. Table 5 provides the neutron flux ranges for Pulse Mode and Current
Mode in the previously mentioned fission chambers [29].

Model Neutron Flux Range(nv) Gamma Flux
Pulse Mode Current Mode

CFUC06 1—10° 10* — 1010 <108 —-107"
CFUE24 102 — 108 10% — 10 <1078 —-10""
CFUE32 10° — 108 109 — 1013 <1078 —-10""
CFUF43 — 1010 — 10 <1078 —-10""
CFUR43 — 10" —1.5x 10" | <107® — 107"
CFUZ53 — 2 x 10 — 10" | <1078 - 1077
CFUR64 106 — 10" 102 — 10™ <107% —-10""

Table 7: Neutron flux ranges (nv stands for thermal neutron flux in cm=2 s=1) for the
Photonis fission chambers in pulse and current modes present in Table 4.

An ideal fission chamber should cover all neutron flux decades through different
operating modes. However, optimizing for one mode may compromise performance in
others. A significant issue is gas pressure: pulse and Campbelling modes require high
pressure, whereas current mode requires lower pressure. A potential solution, alterna-
tive to the use of different fission chamber models, could be a single “dual-pressure”
chamber with two separate sections [25][5][29].

Performance Calculation of Instrumentation Applicable in ALFRED

The neutron characteristics of fission chambers, as reported in Table 4, refer to the
measurement of a thermal neutron spectrum. In Light Water Reactors (LWRs), detec-
tor primarily monitor thermal neutrons regardless of their location, affecting only the
magnitude of the measured response but not the efficiency or sensitivity of the instru-
ment. In fast reactors, however, the average energy of the neutron spectrum can vary
significantly between the reactor core center and its periphery. Consequently, the de-
tector sensitivity is no longer constant (as in LWRs) because the average cross-section
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of the reactor used for neutron detection changes with energy. As a result, the de-
tector’s sensitivity and response are intrinsically linked to its installation location. To
correct neutron sensitivity values and update them for installation conditions in AL-
FRED, a correction factor has been calculated based on the spectrally weighted average
cross-section of the local neutron spectrum:

[E o(r, E) - o,(E) dE — [E p(r)$(E) - 0:(E) dE ~ i(r) / pryb(E)dE ()

E

where:

e ¢(r, E) represents the local neutron flux as a function of energy E and position
r

e 0;(E) is the microscopic cross-section of the reaction of interest for energy £
e p(7) is a spatial weighting factor related to the neutron distribution
e )(E) is the spectral shape factor of the neutron spectrum.

The problem can be formalized by considering that the generic detector response
(R) is proportional to both the magnitude (p(r)) and the spectrum (¢( E')) of the local
neutron flux:

R x 7;(r) / p(r)Y(E)dE (2)
E
By considering two positions with the same flux magnitude but different energy spectra

(thermal and fast), and taking their ration, we obtain the Energy Spectrum Correction
Factor (ESCF):

Rthermal X E(T) ’thermal /Ep("') w(E) |therma| dr

Rt o< FZ(T) }fast /Ep(r) ¢(E) }fast dE

(3)

0 E dE _
ESCF<7') = Rfast 7 (T)’faSt/Ep(r> w( )’fast _ O-i(fr)‘fast

T3 20) et | 90) OO gy 7 b

If we consider that 7;(r) {thermal refers to factory test conditions with thermal neu-
tron (05(7) | 1t = T ypermyr) thE €quation becomes:
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F’(T) |fast
E(T) |therma|

Using Equation the sensitivity of the probe to fast neutron fluxes (S‘fast(r)) canbe

derived from the sensitivity to thermal neutron fluxes (S|thermal) through the following
relation:

ESCF(r) = (4)

S‘fast(r) - S}thermal ) ESCF(T) (5)

The ESCF value that can be used in the specific application for the ALFRED reactor was
evaluated through Monte Carlo simulations in previous work available from literature.
In this work, the ESCF value was calculated using the MCNPX code, where the numera-
tor is obtained from an input deck of the ALFRED reactor for a specific position r, and
the denominator is computed separately for a Maxwell-Boltzmann thermal neutron
spectrum at T=293K (Figure [12).

Maxwell-Bolzmann thermal neutron spectrum (T=293 K)
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Figure 12: Thermal spectrum used for the estimation of the correction factor in Equation

4

This method provides a preliminary sensitivity estimate without requiring a detailed
device model in MCNPX, a complex process that demands experimental tuning. The up-
dated sensitivity along with the local neutron flux magnitude, allows for an assessment
of stress conditions, aging effects (burn-up), and an estimate of device lifespan.

Therefore, with the values found with Equation|5, the expected electrical response
can be evaluated as follows:

R‘fast(r) = p(’l") ) S‘fast<r> (6)
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and the estimated probe lifespan (¢(7)) can be obtained by dividing the updated
fluence threshold by the local neutron flux, as described by:

Ein
tH(r) = ————
ESCF(7r) - p(7)
However, additional factors such as gamma dose limits must also be considered.

Despite the simulation providing preliminary evaluations, it is essential to validate the
selections through experimental measurements [29]].

(7)

32



3 METHODOLOGY

3 Methodology

The determination of neutron and photon distribution outside the Reactor Vessel and
their characterization was done through Monte Carlo method by using a demo version
of the TopMC code developed by FDS [30]]. The methodology aimed to define a model
specifically targeted at assessing the applicability of fission chambers in the presence of
gamma radiation. It was structured on modeling and simulation, ensuring a progressive
refinement of the quality of the results obtained. The overall approach was based on
three main inputs}

1. The Monte Carlo “ALFRED Core Model”, already available and ready to be run
from previous works [31] (“input 1” in the following);

2. The 3D model of the ALFRED Reactor Vessel and Inner Structures (“input 2” in the
following);

3. The fission chambers data sheets (“input 3” in the following).

The methodological approach adopted for modeling and characterize the neutron and
photon distributions within the ALFRED Reactor was developed in a systematic and
modular manner, as illustrated in the diagram in Figure [13| The main flowchart is the
yellow-highlighted one; on each step of it, secondary flow diagrams follow, describing
the methodology in more detail. A brief description of the main flowchart is reported
below, whereas further details as well as descriptions of the secondary ones are pro-
vided in the following sub-sections.

3Details on the inputs are reported in Appendix I.
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Figure 13: Scheme of the methodology.

In the initial phase, the reference model of the ALFRED Core only (input 1), devel-
oped by ENEA and ready for the MCNP Monte Carlo code [32]], was considered. It has
detailed definition of the core elements (e.g., fuel and control/safety bars), thus provid-
ing realistic simulation of both fission’s neutrons and photons. It was tallied and run by
Ansaldo Nucleare through MCNP, so that the corresponding neutron and photon spec-
tra could be characterized in the present work. At the same time, an analysis of the
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reactor’s mode of operation was carried out, essential for correctly setting the opera-
tional conditions of the simulations.

Subsequently, it became necessary to integrate in the analysis the geometry of
the ALFRED's Internal Structures and Vessels, being not available in the ALFRED Re-
actor Core model. To do so, it was decided to perform creation of the corresponding
Monte Carlo geometrical model (to be subsequently run with TopMC to propagate the
fission’s neutrons and photons throughout the vessel’s outer region) applying the so-
called “Monte Carlo CAD importing capability” which is available through well-known
computer codes like McCad/Salome [33] or TopMC itself - both were successfully stud-
ied, tested and used in the present work. This process was based on the set of 3D CAD
models of ALFRED Reactor Vessel and Inner Structures (input 2), and required prelim-
inary steps of model simplification, decomposition, components’ homogenization as
well as careful handling of materials, and interfaces to preserve the essential physical
representation while avoiding excessive computational complexity.

Both (1) the integration of the ALFRED’s Internal Structures and Vessels in the al-
ready available Monte Carlo ALFRED’s Core Model or (2) the creation of a new Monte
Carlo model with these structures were in principle doable. Since, as explained be-
low in subsection the latter was pursued, the definition of the corresponding in-
terface source represented a central phase of the work, during which two alternative
approaches in turn were explored for setting the initial particle conditions. The final
choice considered the advantages and disadvantages of both in order to mitigate po-
tential systematic errors and time consumption.

As the Monte Carlo input dataset was completed, TopMC simulations were launched
for the analysis of neutron fluxes/spectra in various locations close to the external sur-
face of the ALFRED’s Safety Vessel. Particular attention was devoted to the definition
of tallies corresponding to the positions of the fission chambers to accurately estimate
their response to different radiation components.

In parallel, the evaluation of the photon fluxes/spectra in the same locations, con-
sidering the components arising from fission processes, made possible the subsequent
selection and characterization of the fission chambers best suited to the expected op-
erational conditions, based on the information available from input 3.

It is important to specify that all the results obtained and reported in the present
work are normalized in the hypothesis that ALFRED Reactor is running at 100 MWth. It
should be emphasized that all the absolute quantities reported (neutron fluxes, fission
rates, and so on) are directly proportional to the thermal power of the reactor and
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therefore can be trivially scaled to any reference thermal power desired.

3.1 Modeling Approach

Two possible
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Figure 14: Modelling approach scheme.

Given the complexity and level of detail of the ALFRED Core Model developed by ENEA,
it was necessary to identify an efficient method for integrating the Internal Structures
and Vessels in the Monte Carlo model without compromising the coherence of the sim-
ulations.
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To this end, two alternative strategies were considered for integrating the structures
located outside the inner vessel:

¢ Direct modification of the “ALFRED Core model”:

This approach involved incorporating the additional structural components into
the existing model, directly modifying the original geometry external to the core.
Accordingly to this option, a single coherent structure would be ensured, avoiding
the need to manage interface (i.e., source term) between the two different mod-
els. But, it would increase the geometric and computational complexity. Further-
more, modifying a validated model could compromise the quality and reliability
of the results.

¢ Development of a new model with a source interface (the “ALFRED Reactor Ves-
sel model”):
The alternative involved the construction of a new model from scratch repre-
senting only the outer shell of the inner vessel. This would require creating an
interface source with the ALFRED Core model.
Under this alternative, the integrity of the original ALFRED Core Model is pre-
served, allowing the definitions of internal geometries to remain unchanged. Ad-
ditionally, it enabled a more modular simulation management, facilitating future
modifications or adjustments. Conversely, it required a preliminary phase of in-
terface development and validation, ensuring a physically accurate correspon-
dence between the two domains.

In light of these considerations, the decision was made to proceed with the new “AL-
FRED Reactor Vessel model” in order to minimize the impact on the ALFRED Core Model
and increase the flexibility of the analyses.

This methodological choice proved particularly effective, allowing for a structured
and controlled integration of the sources and optimizing computational time, while
maintaining a high degree of accuracy in the representation of the physical phenom-
ena under investigation.

The creation of the simplified interface laid the groundwork for the next stage of
the study, focused on managing the initial conditions of the particles and carrying out
the simulations. In particular, it became necessary to clearly define the operational
method of the source and to establish an effective procedure for the propagation of
neutron and photon fluxes through the computational domains.

In conclusion and summary, since it was decided for the present work to built from
scratch the new ALFRED Reactor Vessel model, a two step approach was applied in
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terms of Monte Carlo simulations:

e Step 1: Monte Carlo simulation (made by Ansaldo with MCNP) of the ALFRED
Core Model, providing the information on fission’s neutrons and photons at the
interface with the new ALFRED Reactor Vessel model. In the present work, this
output information was analyzed and properly prepared as source term for the
next Step 2;

e Step 2: Monte Carlo simulation (made entirely for the present work with TopMC)
of the ALFRED Reactor Model, evaluating the fission’s neutrons and photons fluxes/spectra
in the potential locations of the fission chambers outside the ALFRED Safety Ves-
sel.

ALFRED Core Model ALFRED Reactor Model

Figure 15: Interface identification in both the ALFRED Core Model and the ALFRED Re-
actor Model (Courtesy of ENEA and Ansaldo Nucleare).
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3.1.1 Source definition
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Figure 16: Scheme for the Source definition process.

Because of the need for the definition of the source interface between the ALFRED Core
model and the new ALFRED Reactor Vessel model, the focus shifted to identifying the
most appropriate methodology for setting the initial particle conditions (i.e., the source
specification) for the TopMC simulations.

In this context, again, two alternative approaches were considered, considering the
capabilities of the Monte Carlo codes in defining the source terms:

e SDEF Approach:

This technique implicated the definition of a fission neutron and photon current
tally (F1 tally [34]) coincident with the external cylinder of the inner vessel in
the ALFRED Core Model, and the definition of a correspondent cylindrical SDEF
source [35] in the ALFRED Reactor Model. This method allowed the depiction
of a source geometry, positioned at the interface between the two models, that
aimed to reproduce the expected spatial and directional characteristics of the
neutron and photon flux leaving the core.

The cylindrical SDEF approach was implemented by assigning a source surface
with axial symmetry, defined by a radius, height, and axial position compatible
with the exit boundary of the detailed core in the ALFRED Core Model. For the
neutron analysis, the SDEF was implemented with an axial subdivision of 60 cm
pitch (see Figure[17), while for photon analysis, no axial segmentation has been
performed. The parameters used for the source geometry were calibrated to re-
flect the physical dimensions of the interface surface.

In addition to the spatial configuration, the source description included a detailed
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energy spectrum for neutrons and photons, derived from the MCNP runs con-
ducted on the ALFRED Core Model. These reference simulations were used to ex-
tract the angular and energy distributions of the particles at the interface, which
allowed the cylindrical source to reproduce, with reasonable accuracy, the spec-
tral content of the emitted radiation.

Among the advantage of this approach, the most notable is the ease of definition
of the source term which is simple to modify, making it suitable for parametric
studies or sensitivity analyses. However, some limitations emerged during the
validation phase. In fact, as a limitation of the MCNP code, the SDEF card allows
the definition of distribution for just one of the two polar angles (i.e., the zenithal
angle). Therefore, a homogeneous distribution is defined on the azimuthal angle
by default. Since it does not necessarily reflect reality, the simplification of the
angular and spatial emission profiles may lead to systematic errors in the final
results. Furthermore, the user-dependent definition of the energy binning in the
F1 tallies can substantially influence the approximation of the interface energy
spectra, thus constituting an additional and distinct source of systematic error.

ALFRED Core Model

L

ped EFFRARAAD {FRAAETE T
(_ ERRNSRRAWERRARNEN |

Figure 17: Scheme for the Source definition process(Courtesy of ENEA and Ansaldo Nu-
cleare).

e SSW-SSR Approach:
This option is available in both the Monte Carlo codes (MCNP and TopMC) used
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in the present work. It relies on the fact that, as an interface source is identified
within the same Monte Carlo model and/or between different models, the point-
wise informatiorf_f] of each particle crossing the surface in the initial run is saved
in a file that can be read in the subsequent run as source term. This method is
called Surface Source Write (SSW) and Surface Source Read (SSR), respectively
[36].

In order to ensure a physically accurate and computationally robust representa-
tion of the radiation fields propagating from the reactor core to the external struc-
tures, this strategy consists of decoupling the simulation domain int two distinct
but physically linked stages. In the first (i.e., SSW) simulation, the detailed ALFRED
Core Model was employed to simulate the transport of neutrons and photons up
to the predefined boundary surface located at the interface between the core
and the external domain. At this interface, all particle tracks crossing the surface
were recorded in an SSW file.

Subsequently, in the second simulation in the ALFRED Reactor Model, the previ-
ously generated SSW file is used as source term via the SSR card, effectively restor-
ing the exact spatial, energetic, and directional distributions observed at the core
boundary. The SSR definition ensured a faithful continuation of the transport
process without the need to approximate particle source properties. Anyway,
this method is not without challenges. The generation and management of the
SSW file can lead to large data volumes, especially in high-fidelity simulations.
Furthermore, file handling and statistical convergence require thoughtful plan-
ning: particle histories captured in the SSW file must be sufficient in number and
diversity to avoid introducing statistical bias in the downstream simulation.

Taking into consideration all the positive and negative aspects of these two options, the
actual choice between the two is postponed in the chapter of the Results, after the data
analysis and the evaluation of the systematic error introduced by the SDEF Approach.
If the systematic error results significant, the option of choice would be the SSW-SSR
Approach otherwise, the SDEF Approach would be preferred, chiefly because less time-
and data-consuming.

4This includes comprehensive information on the particles’ position, energy, direction and type at the
moment of crossing, thus capturing the full phase space of crossing particles.
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3.2 Reactor model simplification and input creation
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Figure 18: Scheme of the process for the ALFRED Reactor Model simplification and input
creation.

As already anticipated previously, given the complexity of the ALFRED Core Model and
the computational burden associated with high-fidelity neutron and photon transport
simulations, a new ALFRED Reactor Vessel Model was created from scratch through
CAD-importing approach for Monte Carlo codes. A set of systematic simplification, de-
composition and component homogenization processes were carried out to enable the
integration of the core with its surrounding environment. This phase was essential to
ensure compatibility between the reactor model and the available computational re-
sources, while maintaining an adequate level of physical fidelity for the study’s objec-
tives.

The starting point for this activity, as it is reported above, was the reference geom-
etry of the ALFRED Core Model, developed by ENEA and validated by Ansaldo Nucleare
through Monte Carlo simulations. While the core region was retained in its validated
configuration, modifications were introduced to represent the structures located out-
side the inner vessel in a simplified yet physically consistent manner.
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The ALFRED Reactor Model has been modelled in two stages. The first step con-
sisted in the CAD importing of the realistic steel (AISI 316L) internal structures (i.e., the
Inner Vessel, the Reactor Vessel, the Safety Vessel, and all the empty tubes that nor-
mally host the other components of the reactor); this was done consistently both with
Salome/McCAD’s as well as with the TopMC’s dedicated Graphical User Interface.

Figure 19: ALFRED Reactor Model with the CAD imported parts.

Attention was paid to the simplification process of the 3D CAD model, primarily fo-
cused on preserving key structural features and material distributions that significantly
influence radiation transport, while removing excessive detail not essential for global
flux estimations. Such modifications were implemented with caution to avoid intro-
ducing geometric artifacts that could lead to spurious neutron leakage or artificial flux
discontinuities. Moreover, it was decided to simplify the model definition of some fine-
gained geometric elements with homogenized representations: namely, this was done
for the Steam Generator, the Pump Propeller, and the Deep Coolers. After the analysis
and data taking from existing models of the components with both McCAD/Salome and
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TopMC visualizers, the best way to model them was:

e Steam Generator: A cylinder filled with a homogeneous material composed of
Lead, Steel, and Water/Vaporf|

e Pump Propeller: A steel hollow tube with a hollow cylinder filled with a homoge-
neous material of Lead and Steel?l

e Deep Coolers: they are not modelled because they would influence the radiation
transport in the same way as the Steam Generator.

Finally, the shielding concrete has been also created to conclude the exterior of the
reactor, so that eventual back-scattered radiation could simulate more realistically the
neutron and photon fluxes/spectra. In parallel with the geometric simplification, a re-
view of the material specifications was undertaken to align them with the simplified
geometry. Where appropriate, materials were homogenized using volume-weighted
averaging techniques, particularly in non-critical shielding regions. The neutron cross-
section libraries were selected to match the temperature and composition of the orig-
inal detailed model, ensuring consistent interaction probabilities.

Material cards were verified to preserve relevant physical properties such as hydrogen
content (for moderation), density, and heavy metal composition, all of which are critical
to the accurate simulation of neutron attenuation and photon production.

Finally it must be emphasized that, since the 3D input CAD model only has structural
components, the definition of all the internal volume of the Reactor Vessel as created by
both McCAD/Salome and TopMCiis filled by void. Hence, as a final step, it was necessary
to manually modify the Monte Carlo dataset to insert the lead material in this volume.

5Details about the calculations and results of them for the actual composition are reported in the
Results chapter, Steam Generator section.

Details about the calculations and results of them for the actual composition are reported in the
Results chapter, Pump Propeller section.
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3.3 Neutron flux evaluation
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Figure 20: Neutron flux evaluation process scheme.

Following the completion of the source definition and the setup of the simulation ge-
ometry, the focus of the analysis shifted to the evaluation of the neutron flux within
the external regions of the ALFRED Reactor, with particular emphasis on the locations
designated for the installation of fission chambers. This phase aimed to accurately char-
acterize the spatial and energetic distribution of the neutron field, in order to assess
detector response and optimize positioning for monitoring purposes.

The Monte Carlo evaluation of the neutron flux was optimized in terms of statistics
through the weight window variance reduction technique [37], which details are re-
ported in Appendix Il. This was performed by Ansaldo Nucleare using ADVANTG [38],
and later used with TopMC as an input file for the final simulations, on neutron mesh
tallies covering all the region of interest from the source to the tallied locations (i.e.,
the locations where the fission chambers are supposed to be placed).

In order to reduce the time needed to perform the variance reduction process with
the ADVANTG calculations, the whole simulation domain of the ALFRED Reactor Model
was divided into two parts with the optimization mesh tallies: the first one correspond-
ing to an upper cylinder enclosing the upper part of the reactor up to a few centimeters
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inside the concrete shielding, and the other one corresponding to a cylinder, covering
the hemispherical part of the vessel as well as circumscribing the lower part of the re-
actor up to a few centimeters inside the concrete shielding.

Figure 21: Upper mesh tallies of ADVANTG (Courtesy of Ansaldo Nucleare).

Figure 22: Lower mesh tallies of ADVANTG (Courtesy of Ansaldo Nucleare).

The placement of the fission chambers was carefully determined to ensure coverage
46



3 METHODOLOGY

of all regions where significant variations in neutron flux were expected, while avoiding
redundant instrumentation. A total of nine positions were selected based on their rel-
evance to the reactor’s structural and operational configuration. It is emphasized that,
in order to limit to the scope of the present work, it was deemed unnecessary to de-
fine the geometry of the fission chambers in detail in the Monte Carlo model. In fact, it
was decided that the only needed information was just on the neutron energy spectra,
which can be simulated through the definition of cylindrical and void cells where the
averaged energy spectrum can be evaluated with the track-length estimator tallies (F4
typeﬂ [34]). All the tallies were defined within the annular region located between the
safety vessel and the outer concrete shielding, thereby allowing effective monitoring
of the external radiation field without being too exposed to the reactor heat. Specif-
ically, F4 tallies were positioned along three vertical lines aligned with the core axis:
one corresponding to the steam generator, another to the pump propeller, and a third
intersecting only lead external to the core. Additional F4 tallies were placed under the
bottom of the vessel, directly beneath the steam generator axis, and along the pump
propeller axis at the same vertical level as the lowest detector. All the F4 neutron tallies
were discerned in 100 logarithmic energy bins between 10~!? and 10! MeV. The Monte
Carlo simulation was performed with the set of ENDF/B-VII.1 nuclear data libraries [39].

Figure 23: Fission chambers position in the upper part of the reactor.

’This means that the significant assumption made for the present work is that the presence of the real
fission chamber’s materials does not significantly impact on the local neutron energy spectra. Further
assessments, not in scope of the present work, may be considered to properly verify it.
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Figure 24: Fission chambers positions in the lower part of the reactor.

3.4 Photon flux evaluation
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Figure 25: Photon flux evaluation process scheme.

Photon flux (and/or dose rate) represents the most important background contribu-
tion that may blind the fission chambers’ response. In principle, photons come from 2
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distinct sources: (1) direct (prompt) fission photons and (2) photons due to neutron ac-
tivation of nearby materials - like, primarily, reactor safety vessel’s steel. In the present
work, the focus was limited to fission photons only, since the evaluation of the acti-
vation photons usually requires more complicated techniques and/or other simulation
codes than pure Monte Carlo ones?|

By experience and because of the lead’s high photon attenuation capability, it was
a-priori suggested that the prompt fission photons give negligible contribution with re-
spect to the natural background in all the suggested location of the fission chambers
considered in the present work. To validate this sentence, it was decided to apply a
very simplified simulation approach, again with the Monte Carlo method. A very sim-
ple model was created with TopMC, consisting of a parallelepiped-shaped (a slab) with
a section equal to 20 x 20cm? and a thickness conservatively equal to the shortest pos-
sible photon path through the lead. On one side of the slab, the photon source density
evaluated as described in Section 3.1.1 was defined, so that the simulation dataset is
representative of the real situation. The photon dose rate was evaluated on the other
side of the slab with proper definition of F4 tally multiplier card [41]. It was deemed nec-
essary to assess that the fission photon’s dose rate after the slab is below or equal to
10% of the background radiation level (i.e., approximately 10~8 — 10~7 Gy/h), thereby
validating the initial suggestion.

8 Although the presence, in the real case, of activation photons cannot be overlooked, it was decided
to leave this evaluation to future research developments. These may rely, for example, on the so called
“Rigorous Two Step Approach - R2S”, that can be done both with TopMC as well as with MCNP code
coupling the latter with O-dimensional activation codes.[40]
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ALFRED Reactor Model

Figure 26: Alfred Reactor Model with the shortest photon path through the lead high-
lighted (left) and the volume of the second simulation (right).

3.5 Fission chambers characterization

Fission chambers
selection and
characterization

+

Figure 27: Characterization of fission chambers scheme.

As demonstrated in Section the fission chambers do not exhibit a significant re-
sponse to photon-induced signals, validating their exclusive sensitivity to neutrons in
mixed radiation environments.
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The analysis of neutron fluxes at the nine tally positions (Section enables the
determination of each chamber’s operational mode based on the localized flux inten-
sity.

Furthermore, these flux spectra, divided into 100 energy bins, allow for an accurate,
energy-dependent calculation of the Energy Spectral Correction Factor (ESCF) at each
position, as formalized in the first part of Equation

ESCF(r) = = _ Jp(r. E) - oilE) dE]
Fithermal fE QS(T’? E) ’ UZ(E) dE‘thermaI

where, in first approximation we assumed the thermal energy interval as 10~ 12MeV <
E < 10~"MeV and the fast one as 10~ "MeV < E < 10'MeV.

(8)

Endowed with this precise ESCF, the chamber sensitivities to both fast and thermal
neutron spectra can be derived. The fast spectrum sensitivity via Equation 5}

S}fast(r) - S|therma| ) ESCF(T)’ (9)

and the thermal spectrum sensitivity by referencing tabulated values provided in Ap-
pendix I.

This methodology ensures a rigorously qualified, spectrum-resolved characteriza-
tion of fission chamber performance.
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Figure 28: Representative graph of the Fast reactor spectrum and the Thermal one.
51



52



4 RESULTS

4 Results

This chapter presents and discusses the results obtained in the framework of the simulation-
based analysis. The discussion is organized into four main sections, each addressing a
key aspect of the modeling and transport calculation process.

The first section (Section[4.1) focuses on simplifying the reactor model, highlighting
the geometric and material approximations adopted to enable efficient and traceable
Monte Carlo simulations, while preserving the physical fidelity of the system. It then
deals with the characterization of the source interface, where the impact of the chosen
configuration and particle sampling strategy on the overall transport accuracy is evalu-
ated.

The second section (Section |4.2) presents the neutron flux results, comparing the
outcomes obtained using the direct SDEF source approach with those derived from the
SSR/SSW interface method. This comparison provides insight into the strengths and
limitations of each technique in reproducing the neutron distribution in the target do-
main.

The third section (Section |4.3) reports the photon flux results, with a focus on the
photon transport through lead and the evaluation of the dose arriving to the tallies.

Finally, the fourth section (Section reports the last data analysis and final dis-
cussion about the fission chamber characterization and deployment in LFRs.
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4.1 Reactor Model simplification

Figure 29: ALFRED Reactor Vessel Model with the CAD imported parts, the concrete
shielding, and the homogenized components.

As it has been explained in the section [3.1, it was decided to built from scratch the
new ALFRED Reactor Vessel model. After the CAD importing of the realistic steel inter-
nal structures and the creation of the shielding by intersecting a cylinder with a plane
having the same thickness of concrete, it was necessary to understand how to model
and homogenize in the more correct way the Steam Generator and the Pump Propeller.

In order to do so, an accurate analysis of the existent 3D models of the two compo-
nents has been performed using TopMC, starting with the Steam Generator one.
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Figure 30: Meridian section of the Steam Generator with a zoom on the right.

To simplify the geometric modeling of the steam generator while preserving its neu-
tron interaction characteristics, the entire structure is represented as a single equiva-
lent homogeneous cylinder with radius R5, corresponding to the outer boundary of the
generator’s cross-section excluding its steel boundary. This homogenization allows for
a substantial reduction in computational complexity while maintaining accurate physi-

cal behavior for reactor physics analyses.

The internal structure of the Steam Generator consists of 880 identical heat-exchange
assemblies, each composed of two concentric tubes designed to channel water and
steam. These are surrounded by structural steel and fully embedded in a liquid lead
matrix. Each assembly is composed of four concentric cylindrical regions:

e Region 1: inner water-filled tube (radius R1)

Region 2: steel shell surrounding the water tube (radius R2)
Region 3: outer concentric annulus including steel, vapor, and water (radius R3)
Region 4: same as Region 3 but without steel (radius R4)

Region 5: external radius of the entire steam generator.

Given that the Steam Generator is uniform along its axial (longitudinal) direction—i.e.,
theinternal structure and material distribution are constant along the height —homogenization
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can be performed in two dimensions, on the transverse circular cross section. This
means that instead of averaging over the entire 3D volume, it is sufficient to calculate
area fractions of each material within the circular slice shown in Figure[30} To do this,
the material area totals in the whole generator are computed:

e Water: Ay,o = TR?

o Steel: Ageel = 7(R2 — R?) + 7(R3 — R?)

e Vapor: Aypor = m(R2 — R3)

o Lead:Ap, = TRZ — 880( An,o + Asteel + Avapor)

and the homogenized composition of the Steam Generator was computed using these
fractions:

A; .
fi= for i € {H,0, vapor, steel, Pb}
Atotal

with Ay, = wR2. Finally, since the exact dimensions of the components under study
cannot be disclosed, material fractions are provided as a representative indication of
the homogenization process:

ngO - 074: fvapor - 00337 fsteel - 26027 be =73.17.

After that, an analogous homogenization procedure was applied to the pump in
order to obtain a representative material composition suitable for simulation purposes.

R2

Figure 31: Meridian sections of the Pump Propeller: in correspondence with the tube
(left) and in correspondence with the propeller (center), and longitudinal section of the
propeller part (left).
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To accurately represent the pump geometry in a simplified model suitable for neu-
tronic analysis, the component was divided into two main regions: the propeller sec-
tion, which plays a significant role in neutron transport, and the outer tube, which con-
sists solely of structural steel and void. The outer tube was excluded from the homog-
enization process because it was simply modeled as a hollow steel cylinder.

The propeller region, shown in the center image of Figure is characterized by
a complex internal geometry. However, to reduce the computational effort while pre-
serving essential material properties, the region was homogenized into another hollow
cylinder extending axially over a height h, as shown in the right image of Figure [31

The homogenization is based on the circular cross-section of the propeller region,
leveraging the axial uniformity of the geometry. The cross-section is divided into con-
centric regions:

e Region 1: inner void channel (radius R3)
e Region 2: steel hollow tube region (radius R4)

e Region 3: steel hollow tube region including the paddle blades (Radius R5).

The region to be homogenized is the annular volume between R3 and R5, where
both steel pipe and the propeller blades are located. To simplify the representation of
the complex blade geometry, the paddle region is approximated as being composed of:

¢ 1/3 of the paddle thickness (innermost portion): made of steel

e 2/3 of the paddle thickness (outermost portion): made of lead,

this corresponds to assigning the paddle region a radial partition, which is translated
into area contributions assuming cylindrical symmetry.
Therefore, after defining AR = R5 — R3, the material area totals are:

o Steel: Agee = 7[(Ry +1/3AR)?> — R + m(R? — R2) = n[Ry + 1/3AR)* — R3]
e Lead: Apb = W[Rg — (R% — (R4 — 1/3AR)2]
and the homogenized composition of the Pump Propeller was computed using these
fractions:
A; .
fi= for i € { vapor, steel, Pb}

total

with Ayora = m(R2 — R2). As previously, since the exact dimensions of the components
under study cannot be disclosed, material fractions are provided as a representative
indication of the homogenization process:

fsteel - 3-11, fpb = 96.89 .
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411 Source interface characterization

In light of the considerations made in the Methodology chapter, the decision was made
to proceed with the development of the new “ALFRED Reactor Vessel model” with a
source interface.

ALFRED Core Model

Figure 32: Interface in the ALFRED Core Model with tallies identification.

In this section, the normalized results of the Monte Carlo simulation (made by Ansaldo
with MCNP) of the ALFRED Core Model are shown in graphs, while the relative tables
can be found in Appendix Ill. Please note that the neutron flux values reported on the
ordinate of the following graphs are not divided by the width of the corresponding en-
ergy bin or by lethargy, but represent the actual neutron flux value (neutrons cm=2s~!)
divided by the total one. These provide the information on fission’s neutrons and pho-
tons at the interface with the new ALFRED Reactor Vessel Model.
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Neutron energy spectrum ALFRED Core Model
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Figure 33: Graph (logarithmic scale) of the Neutron Flux vs Energy of the upper part of
the interface between the ALFRED Core Model and the ALFRED Reactor Vessel Model.
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Figure 34: Graph (logarithmic scale) of the Neutron Flux vs Energy of the middle part of
the interface between the ALFRED Core Model and the ALFRED Reactor Vessel Model.
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Lower part of the interface
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Figure 35: Graph (logarithmic scale) of the Neutron Flux vs Energy of the lower part of
the interface between the ALFRED Core Model and the ALFRED Reactor Vessel Model.
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Figure 36: Graph (logarithmic scale) of the Neutron Flux vs Energy of the entire interface
between the ALFRED Core Model and the ALFRED Reactor Vessel Model.
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In conclusion, the neutron energy spectra observed at the core-vessel interface of
the ALFRED Reactor Vessel model, as depicted in the preceding graphs, clearly reflect
the characteristic feature of a fast reactor environment. Specifically, the spectrum is
characterized by two prominent features:

e The first is a low-energy peak associated with thermal neutrons, typically around
10~% MeV. Although ALFRED is designed as a fast reactor, some degree of thermal-
ization is still observed, due also to minor interactions with structural materials
impurities, leading to a residual thermal component in the spectrum.

e More significantly, a second, broader peak appears in the intermediate-to-fast
energy range, between 0.1 and 1 MeV. In ALFRED, where a heavy material like
lead is used as the coolant, neutron moderation is minimal. Lead has a relatively
low neutron moderating power due to its high atomic mass and low scattering
cross section, meaning that fission neutrons are not significantly slowed down.
As a result, the fast component remains clearly visible.

The dual peak structure observed is therefore a signature of the reactor’s fast neu-
tron environment, with minimal spectral softening. This behavior is consistent with the
design goals of ALFRED, which aims to maximize fast neutron flux.

Photon energy spectrum ALFRED Core Model

Entire interface
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Figure 37: Graph (logarithmic scale) of the Photon Flux vs Energy of the entire interface
between the ALFRED Core Model and the ALFRED Reactor Vessel Model.
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4.2 Neutron fluxes results

This section presents the results of the neutron energy measurements obtained during
the simulations performed both with SDEF and SSR/SSW approaches.

As already reported in the chapter of the Methodology, in order to reduce the time
needed to perform the variance reduction process, the whole simulation domain of the
ALFRED Reactor Vessel Model was divided into two parts, one above the other (see Fig-
ure[21and Figure[22), with the relative weight meshes.

The following graphs (the relative tables can be found in the Appendix Ill) summarize
the simulated neutron energy normalized values across the tallies showed in Figure

and Figure 24

4.2.1 Results of the SDEF Approach

Upper part of the ALFRED Reactor Vessel Model

min

Figure 38: Behavior of the total neutron flux in the upper part of the ALFRED Reactor
Vessel Model with the SDEF approach.

62



4 RESULTS

Upper part: Steam Generator correspondence (SDEF Approach)
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Figure 39: Graph (logarithmic scale) of the normalized Neutron Flux vs Energy simulated
with the SDEF Approach, in the two Tallies in correspondence of the Steam Generator.

Upper part: Only Lead correspondence (SDEF Approach)
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Figure 40: Graph (logarithmic scale) of the normalized Neutron Flux vs Energy simulated
with the SDEF Approach, in the two Tallies in correspondence of only pure Lead.
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Upper part: Pump Propeller correspondence (SDEF Approach)
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Figure 41: Graph (logarithmic scale) of the normalized Neutron Flux vs Energy simulated
with the SDEF Approach, in the two Tallies in correspondence of the Pump Propeller.
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Lower part of the ALFRED Reactor Vessel Model
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Figure 42: Behavior of the total neutron flux in the lower part of the ALFRED Reactor
Vessel Model with the SDEF approach.
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Figure 43: Graph (logarithmic scale) of the normalized Neutron Flux vs Energy simu-
lated with the SDEF Approach, in the three Tallies in the lower part of the reactor.
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4.2.2 Results of the SSR/SSW Approach

Upper part of the ALFRED Reactor Vessel Model

max

min

Figure 44: Behavior of the total neutron flux in the upper part of the ALFRED Reactor
Vessel Model with the SSR/SSW approach.

66



4 RESULTS

Upper part: Steam Generator correspondence (SSR/SSW Approach)
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Figure 45: Graph (logarithmic scale) of the normalized Neutron Flux vs Energy simu-
lated with the SSR/SSW Approach, in the two Tallies in correspondence of the Steam
Generator.

Upper part: Only Lead correspondence (SDEF Approach)
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Figure 46: Graph (logarithmic scale) of the normalized Neutron Flux vs Energy simu-
lated with the SSR/SSW Approach, in the two Tallies in correspondence of pure Lead.
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Upper part: Pump Propeller correspondence (SSR/SSW Approach)
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Figure 47: Graph (logarithmic scale) of the normalized Neutron Flux vs Energy simu-

lated with the SSR/SSW Approach, in the two Tallies in correspondence of the Pump
Propeller.
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Lower part of the ALFRED Reactor Vessel Model

max

min

Figure 48: Behavior of the total neutron flux in the lower part of the ALFRED Reactor
Vessel Model with the SSR/SSW approach.
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Figure 49: Graph (logarithmic scale) of the normalized Neutron Flux vs Energy simu-
lated with the SSR/SSW Approach, in the three Tallies in the lower part of the reactor.
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In order to asses whether the error introduced by the SDEF approach is significant,
a compatibility analysis was performed by comparing the values of the total neutron
flux (i.e., energy integrated) obtained using both methods. Although the values cannot
be explicitly reported here, the table[8 below presents the ratio between these values
alongside the corresponding value of the associated statistic standard deviation (o).

Tally | Ratio [neutron/cm? s] o

404 1,73E+00 1,4E-01
414 1,68E+00 1,9E-01
424 1,01E+00 6,0E-02
434 8,45E-01 2,3E-02
444 9,42E-01 4,9E-02
454 7,83E-01 2,6E-02
464 1,07E+01 9.1E-02
474 2,22E+00 3,6E-02
484 3,40E+00 5,6E-02

Table 8: Number of tallies, relative ratios of the total neutron fluxes of both approaches,
and ¢ uncertainties obtained by doing the sum in the quadrature of the relative flux
errors and then multiplying it by the ratio values.

Given that the value of the ratios is not compatible with 1 (within a standard devi-
ation) in all cases except in the Tally 424 case, we conclude that the systematic error
introduced by the SDEF approach is statistically significant. Therefore, the conclusions
will be drawn based on the data obtained from the SSR/SSW approach.
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4.3 Photon fluxes results

As previously explained in the chapter of Methodology, to test the contribution with
respect to the natural background in all the suggested location of the fission chambers
depicted in Figure [23| and Figure [24] it was decided to apply a very simplified Monte
Carlo simulation approach. The simulation was performed in a parallelepiped-shaped
model representing the shortest photons path inside the lead (see Figure|28), in order
to evaluate the fission photon’s dose rate arriving at the fission chambers.

In this section the simulation results are presented in the following contour plot and
graph (see Appendix Il for the data table).

max

min

Figure 50: Representation of the shortest photon path through the lead (left), of the
mash used in photon simulation (middle) and the contour plot (right) of the background
radiation level (10~8 Gy/h), the result of the photon simulation (10~ Gy/h) and a ref-
erence value (1 Gy/h).

The TopMc processor automatically determines the energy-to-dose conversion fac-
tor thereby enabling the calculation of dose as a function of the depth (see table in
the Appendix). In graph the trend of the dose as a function of lead thickness is
presented. The results are consistent with expectations, as the photon flux attenua-
tion with increasing lead thickness follows an approximately negative exponential law,
which is clearly reflected in the observed behavior of the graph.
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: Shortest photon path through the lead
10

Tally 404

102 4

10—1 4

10~4 1

lo—? 4

Dose [Gy/h]

10—10 i

10—]3 m

10-18 T T T T T T

Depth

Figure 51: Graph of the Photon Dose vs Depth obtained by the simulation with the
SDEF Approach in correspondence of the shortest path through lead. Since the real
depth cannot be disclosed, the depth values are not defined numerically.

Finally, after these considerations, the a priori suggestion that prompt fission pho-
tons give a negligible contribution with respect to the natural background in all the
suggested locations of the fission chambers considered in the present work was con-
firmed. The result was that the photon dose irradiated in the fission chambers is much
lower (10~ Gy/h) than the natural background (~ 108 Gy/h), making the problem of
binding them nonexistent.
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4.4 Fission chamber characterization results

Building on the findings presented in the previous sections of Chapter [4] it has been
established that photon fluxes do not pose a risk of saturating or blinding the fission
chambers under the conditions studied. As a result, the focus of the analysis can be
confidently restricted to the neutron spectra component summarized in Figure[53

With this consideration in mind, the main objective of the final phase of the study
is to provide a comprehensive characterization of the fission chambers that were pre-
liminarily selected in Chapter 2, based solely on their maximum allowable operating
temperature. For each of these detectors and for each investigated position within the
reactor model, key performance parameters are reported and analyzed. These include:
the expected neutron flux range, therefore, the corresponding mode of operation, the
fast-to-thermal flux ratio, the energy spectrum correction factor (ESCF), the sensitiv-
ity to the thermal and fast neutron spectrum, and the total sensitivity (i.e., thermal
plus fast). The thermal sensitivity values are derived from the manufacturer’s technical
datasheet, while the remaining parameters are evaluated based on simulation results
and spectral analyses.

By comparing the data obtained from the simulations with the technical specifica-
tions of the detectors, it is possible to infer the mode of operation of each individual
fission chamber. This can be done by examining the average thermal spectrum flux
recorded in the tallies. The following table summarizes these deductions and includes
the relevant information extracted from the simulation output files for the purposes of
this analysis.

Manufacturer | Model | Neutron flux range (nv) | Mode S|thermaJ [A/nv]
Photonis CFUCO6 > 10* — 10% — 2 x 10713
Photonis CFUE24 10% — 10" Current 1x107P
Photonis CFUE32 10 — 103 Current 1 x 10716
Photonis CFUF43 1010 — 10t Current 1 x 10717
Photonis CFUR43 10 — 1.5 x 10 Current 3x 10718
Photonis CFUZ53 2 x 10t — 10™ Current 5x 10718
Photonis CFUR64 102 —101° Current | 9.2 x 1071

Table 9: Characterization of the fission chambers: deducted and tabulated data. All
fission chamber models operate in Current Mode, aside from the CFUCO6, which can
not withstand the neutron flux present in the studied environment.

As discussed in Section the formula employed to calculate the ESCF does not
involve approximations with respect to the definition of the detector response. How-
ever, due to the energy binning of the flux, the integral in the theoretical expression is
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replaced by a discrete summation in the actual computation:

ESCF(T) — Rtast — fE (b(T’ E> ) O-l(E) dE‘fast ~ Zz ¢i0—i‘fast
Rthermal fE ¢(T‘, E) ' Ul(E) dE‘thermal ZZ (bio-ilthermal

To determine this conversion factor, the flux values recorded in each tally (¢;) were
combined with the 235U (material with which the fission chambers are made) cross sec-
tions (o;), as tabulated on the JANIS Web Application [42], using the same energy bin-
ning scheme.

(10)

Incident neutron data / TENDL-2019 / U235 | MT=18: (z,fission) / Cross section

100001 ——

Loo0+ e~

_ “\J“Ll“‘l,“
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| | | | | | | | | | | |
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Incident energy (MeV)
Figure 52: Neutron induced 23°U fission cross section vs Neutron Energy.

The table below reports both the fast-to-thermal flux ratios (note that individual flux
values cannot be disclosed directly; therefore, the ratio is provided as a representative
quantity) and the ESCF values for each tally.

Tally | Fast/Thermal fluxes ratio | ESCF(r)
404 2,19E-01 5%
414 3,01E-01 7%
424 3,32E-01 6%
434 4,62E-01 1%
444 2,72E-01 6%
454 4,46E-01 1%
464 6,39E-01 3%
474 5,91E-01 10%
484 8,85E-01 9%

Table 10: Characterization of fission chambers: position dependent quantities.
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At this stage, it was possible to characterize each individual fission chamber by spec-
ifying: the sensitivity to the thermal spectrum (as tabulated), the sensitivity to the fast
spectrum, calculated according to Equation[5] and the total sensitivity as the sum of the
two components. While the thermal spectrum sensitivity values are provided in Table
[9] above, the following tables report the sensitivity to the fast spectrum at each tally
position (since the ESCF is position-dependent and the fast spectrum sensitivity varies
accordingly, it also changes with ) and the total sensitivity.

Photonis: CFUE24
Tally 404 414 424 434 444 454 464 474 484
S’fast [A/nv] 5,00E-17 | 7,00E-17 | 6,00E-17 | 1,10E-16 | 6,00E-17 | 1,10E-16 | 3,00E-17 | 1,00E-16 | 9,00E-17
S’total ) [A/nv] | 1,05E-15 | 1,07E-15 | 1,06E-15 | 1,11E-15 | 1,06E-15 | 1,11E-15 | 1,03E-15 1,10E-15 1,09E-15
Photonis: CFUE32
Tally 404 414 424 434 444 454 464 474 484
S|fast [A/nv] 5,00E-18 | 7,00E-18 | 6,00E-18 | 1,10E-17 | 6,00E-18 | 1,10E-17 | 3,00E-18 | 1,00E-17 | 9,00E-18
S}total [A/nv] 1,05E-16 | 1,07E-16 | 1,06E-16 | 1,11E-16 | 1,06E-16 | 1,11E-16 | 1,03E-16 | 1,10E-16 | 1,09E-16
Photonis: CFUF43
Tally 404 414 424 434 444 454 464 474 484
S]e(r) [A/nv] | 5,00E-19 | 7,00E-19 | 6,00E-19 | 1,10E-18 | 6,00E-19 | 1,10E-18 | 3,00E-19 | 1,00E-18 | 9,00E-19
S}total [A/nv] 1,05E-17 | 1,07E-17 | 1,06E-17 1,1ME-17 1,06E-17 1,1ME-17 1,03E-17 1,10E-17 1,09E-17
Photonis: CFUR43
Tally 404 414 424 434 444 454 464 474 484
S‘fast [A/nv] 1,50E-19 | 2,10E-19 | 1,80E-19 | 3,30E-19 | 1,80E-19 | 3,30E-19 | 9,00E-20 | 3,00E-19 | 2,70E-19
S}total [A/nv] 3,15E-18 | 3,21E-18 | 3,18E-18 | 3,33E-18 | 3,18E-18 | 3,33E-18 | 3,09E-18 | 3,30E-18 | 3,27E-18
Photonis: CFUZ53
Tally 404 414 424 434 444 454 464 474 484
] (r) [A/nv] | 2,50E-19 | 3,50E-19 | 3,00E-19 | 5,50E-19 | 3,00E-19 | 5,50E-19 | 1,50E-19 | 5,00E-19 | 4,50E-19
S}total [A/nv] 5,25E-18 | 5,35E-18 | 5,30E-18 | 5,55E-18 | 5,30E-18 | 5,55E-18 | 5,15E-18 | 5,50E-18 | 5,45E-18
Photonis: CFUR64
Tally 404 414 424 434 444 454 464 474 484
S‘fast [A/nv] 4,60E-20 | 6,44E-20 | 5,52E-20 | 1,01E-19 | 5,52E-20 | 1,01E-19 | 2,76E-20 | 9,20E-20 | 8,28E-20
S}total [A/nv] 9,66E-19 9,84E-19 | 9,75E-19 | 1,02E-18 | 9,75E-19 | 1,02E-18 | 9,48E-19 1,01E-18 1,00E-18
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Finally, it can be affirmed that all the fission chambers selected in Chapter 2, ex-
cept the CFUCO06, have proven suitable for deployment in the 9 positions identified in
Chapter [4] (see Figure [23)and Figure [24) outside the ALFRED reactor.
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max

Figure 53: Behavior of the total neutron flux in the ALFRED Reactor Vessel Model with
the SSR/SSW approach.
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5 Conclusions

This thesis investigated the applicability of various Photonis fission chambers for neu-
tron flux monitoring in the outer regions of the ALFRED reactor vessel, a key compo-
nent in the development of Lead-cooled Fast Reactor (LFR) technology. The work was
grounded in detailed Monte Carlo simulations, which aimed to replicate the neutron
and photon environments encountered in peripheral reactor positions and to assess
detector performance under those specific conditions.

The results of the neutron flux simulations revealed a distinct energy spectrum con-
sistent with fast reactor characteristics: a dominant fast component with residual ther-
malization effects due to interactions with structural materials. This spectral behav-
ior, observed across nine key positions within the reactor model, was fundamental in
determining the detectors’ operational response and in deriving the Energy Spectrum
Correction Factor (ESCF). The ESCF enabled recalibration of the manufacturer-reported
thermal sensitivities to better reflect the actual fast-spectrum environment of ALFRED.

Importantly, the photon flux analysis confirmed that gamma radiation at the con-
sidered positions remains well below critical thresholds, with dose rates in the order
of 10~ Gy/h, several orders of magnitude below natural background levels. This find-
ing ensured that the detectors’ responses could be interpreted as dominantly neutron-
induced, simplifying both their design requirements and expected signal interpretation.

Each fission chamber was then characterized in terms of thermal and fast neutron
sensitivity, total sensitivity, and feasible operating mode (pulse, Campbelling, or cur-
rent), considering local flux intensities. The detector models characterized in the tables
of Section demonstrated a consistent response across the expected neutron flux
ranges, with current-mode operation deemed viable in all cases apart from CFUCOQ6.
The ESCF values, ranging up to 11%, highlighted the non-negligible impact of spectral
shifts on detector calibration and the need for correction in fast neutron environments.

From a practical perspective, the simulation data confirmed that almost all selected
detectors can be effectively deployed at the identified positions outside the reactor
vessels. The characterization tables provide actionable guidance on matching each de-
tector to specific neutron flux regions within ALFRED, accounting for both performance
and installation constraints.
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In conclusion, this work validates the feasibility of using commercially available high-
temperature fission chambers for neutron monitoring outside the ALFRED LFR demon-
strator. The methodology employed, especially the use of position-dependent ESCF cor-
rections derived from detailed spectral data, contributes a robust framework for future
detector design and placement in advanced fast reactor systems. Further experimen-
tal validation would strengthen these findings, particularly under operational reactor
conditions, but the results herein already provide a solid reference for instrumentation
strategies in Generation IV reactor development.
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Appendix |

The present Appendix shows some details of the 3 main input information used for this
thesis work. It is reminded that the main input information/data was three-fold: (1) the
Monte Carlo model of the ALFRED Core and the corresponding neutronic characteriza-
tion; (2) the 3D geometrical model of the ALFRED Internal Structures; (3) the datasheets
of some of the commercially available fission chambers.

Input 1: Monte Carlo ALFRED Core Model

This represents the initial end essential input to the study, as it supplies the neutron and
photon spectra of the ALFRED reactor core, which are the focus of the present analysis.
As an example of the input information, Figure 54 shows the geometrical model of the
ALFRED Reactor Core model as created by ENEA and run by Ansaldo Nucleare. The
reader is referred to the body of the present thesis for the detailed explanation of how
this input was used.

I
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Figure 54: ALFRED Core Model received by ENEA (left) and result of the ALFRED Core
Model running by Ansaldo Nucleare (right).
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Input 2: The 3D model of the ALFRED Reactor Vessel and Inner Struc-
tures

The second input to the study is provided by 3D CAD models of the ALFRED reactor ves-
sel and its internal structures. These models are essential for accurately representing
the geometry of the reactor region external to the core. It was used to create the Monte
Carlo geometrical model (ALFRED Reactor Vessel) that was run to obtain the neutronic
characterization in the peripheral tallies.

Figure 55: Alfred Reactor Vessel and Inner Structures.

Input 3: The fission chambers data sheets

The third input is represented by the technical datasheets of the fission chambers.
These documents provide critical information necessary for identifying and characteriz-
ing the detectors most appropriate for the specific conditions addressed in this analysis.
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ASSURE
YOUR SAFETY PHOTONIS

EXOSENS GROUP

Nuclear :
Instrumentation

BORON LINED PROPORTIONAL COUNTERS
Thermal neutron detectors / Operating in pulse mode. Watertight HN connectors ensure
a high safety of use.

APPLICATIONS OPTIONS
Monitoring nuclear reactors in the source range Integral HN connector
Fuel reprocessing operations Integral mineral insulated cable

Special equipment in reactors (boron-meters)

Type Neutron Sensitivity Neutron Flux Range [} Sensor Length Integral Cable Max Operating T°
(cps/nv) (nv) (mm) (mm) (mm) (°C)
CPNB28 5 2x10"-4x10° 25.4 368 No 200*
CPNB48 10 1x107"-2x10° 254 60 No 200*
CPNB44 8 1x10"-2x10° 48 761 6 200*
CPNB65 25 5x102-5x10* 76.5 727 No 200*
CPNB64 25 5x102%-5x 10* 76.5 741.5 6 200*
CPNB84 42 5x102-3x10* 82 7415 6 200*

* This temperature depends on the material used to make the connection tight (inside the mating connector).
nv: thermal neutron flux in cm™ s™'. cps: counts per second.

FISSION CHAMBERS FOR OUT-OF-CORE

Severe environmental conditions. Watertight HN connectors ensure a high safety of use.

APPLICATIONS OPTIONS

Thermal neutron detection Integral HN connector

Wide range reactor monitoring Integral mineral insulated cable

Waste monitoring Complete Inconel protection
Type Neutron Sensitivity Neutron Flux Range ] Sensor Length  Integral Cable = Max Operating T°

(cps/nv) (nv) (mm) (mm) (mm) (§(9)
Pulse Mode Current Mode Pulse Mode Current Mode
(cps/nv) (A/nv)

CFUM11 1x 107 1x10™ 10 - 107 107 - 10" 25.4 227 No 250*
CFUM18 1x 107 1x 107 10 - 107 107 - 10" 25.4 263 6 250
CFUM21 1x102 1x107 102 - 108 108 - 1072 25.4 227 No 250*
CFUM19 0.6 12x 1071 2-2x108 2x10*-2x 10" 48 421 6+6 250
CFUPO8 0.7 14 x107™ 1-108 104 - 10 76.5 389 6+6 250
CFUC06 1 2x 107 1-10° 104 - 10 48 412 6+6 600
CFULO1 1 2x 10" 1-108 104 - 107 48 337 No 250
CFULO8 1 2x 107 1-10¢ 104 - 10 48 3845 6 250
CFUK09 3 6x 107 0.3-3x10° 105 - 10 60 385 No 250*
CFUG08 4 8x 10" 0.2-2x10° 105 -7 x 107 80 419 6 250

* This temperature depends on the material used to make the connection tight (inside the mating connector).
nv: thermal neutron flux in cm™ s, cps: counts per second.
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CABLE EXTENSIONS

High-immunity mineral insulated extension cables

Transmission of low level impulsion signals
Under harsh environmental conditions
Pulse or current transmission up to 20 bars
external pressure

OPTIONS
BNC connectors
High resistance to radiations and
electromagnetic parasitic signals
Cable insulator MgQ, SiO, or Al,O,

Type Mode Cable Connector Characteristic Impedance
@ (mm) Insulator Type Insulator Q

EXT-BNC Current 3 ALO, BNC PTFE -

EXT-HN Pulse 6 MgO HN ALO, 50

FISSION CHAMBERS FOR IN-CORE USE

Under severe environmental conditions: high T° - humidity - gamma flux

APPLICATIONS
Detection of thermal neutrons in high flux
Monitoring of the reactor fuel burn up
Start-up, intermediate and power range
Flux map measurement

OPTIONS
Integral HN connector
Integral mineral insulated cable
Movable versions with propulsion cable

Type Neutron Sensitivity Neutron Flux Range [} Sensor Length  Integral Cable = Max Operating T°
(cps/nv) (nv) (mm) (mm) (mm) (§9)
Pu(lcsssxs)de Curr(eA?tnl\\//)Iode Pulse Mode Current Mode
CFUE24 1x10? 1x10" 102 - 108 108 - 10" 7 150 6 400
CFUE32 1x10°3 1x 107 103 - 108 10°-10" 7 150 6 600
CFUF43 = 1x107"7 = 100 - 10" 47 86 1 350
CFUR43 - 3x107® - 10" - 1.5x10™ 3 42 1 350
CFUZ53 = 5x 107 = 2x10" - 10" 1.5 49 1 350
CFUR64 8x10° 9.2x 1071 106 -10" 102 -10" 3 42 2.2 400
nv: thermal neutron flux in cm2 s-1. cps: counts per second.
GAMMA IONISATION CHAMBERS
MEASUREMENT OF GAMMA RADIATIONS OPTIONS
In nuclear power plants Guard ring structure (very low leakage
In uranium reprocessing plants current)

From ¢Co sources

Gas characteristics adapted to requirements.

Compensation of energy spectrum by
metallic filters

Type Gamma Sensitivity Gamma Flux Range ] Sensor Length Integral Cable Max Operating T°
(A/Gy h' % Co) (Gy/h) (mm) (mm) (mm) (0
CRGJ16 5x 108 10°-50 42.5 189 4+4 250
CRGB10/Xe 7.2x10%® 10°-2x 102 48 137 No 250*
CRGB10/N, 6x 107 103 -10° 48 137 No 250*
CRGA11 1.5x 107 3x103%-10° 18 234 3+3 350
CRGE10/Xe 4.5x 10" 10" - 10° 7 85.5 3 400
CRGET0/N, 4.8 x 10-"3 10-108 7 85.5 3 400

* This temperature depends on the material used to make the connection tight (inside the mating connector).
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Appendix Il

The weight window is a Monte Carlo variance reduction technique that employs phase
space splitting and Russian roulette. It operates within specific phase space cells, de-
fined by space-energy, space-time, or space.

For each of those cells, the user specifies a lower weight bound (WL). An upper
weight bound (WU) and a survival weight (WS) for Russian roulette are then calculated
based on this lower bound and two problem-wide constants, CS and CU, specified on
a WWP card. Specifically, WS = CS x WL and WU = CU x WL. These three
weights—WL, WS, and WU—define the acceptable window of particle weights within a
given phase space cell.

The purpose of the weight window is to manage particle weight fluctuations, partic-
ularly those introduced by other biasing techniques that can cause a particle’s weight
to increase significantly through "unpreferred” samplings. While individual weight in-
creases might not be critical, their cumulative effect can seriously reduce calculational
efficiency and lead to misleading error estimates. The weight window aims to mitigate
these issues.

Particles are acted upon based on their weight relative to the window in their cur-
rent cell:

e |f a particle’s weight is below the lower bound (WL), Russian roulette is played.
The particle is either terminated, or its weight is increased to the survival weight
(WS), placing it within the window. This prevents wasting computational effort
tracking particles of trivial weight.

e If a particle’s weight is above the upper bound (WU), it is split into multiple par-
ticles. The weights of the resulting split particles are adjusted so that they fall
within the defined weight window. This prevents single particles from accumu-
lating extremely large weights that could disproportionately perturb tallies and
ensures subsequent weight multiplications apply only to a fraction of the original
weight.

e |f a particle’s weight is within the window (W L < W < WU), no action is taken.

85



I Particles here: split

I >
[ |

WS = Survival Weight

* Particles with weight larger than WS = CSxWL
the WW upper bound split

& WU = Upper Weight bound
WU = CUxWL

)

Particles within window: do The constants CU and CS
nothing are for the entire problem

-
€

WL = Lower Weight bound

* specified for each cell
* Particles with weight within the Increasing Weight

WW bounds do not split/roulette

Particles here : play roulette, kill,
* Particles with weight below the or move to WS
WW bounds roulette l

Ideally, the weight window is chosen such that it is inversely proportional to the
importance of the phase space cell. Importance is defined as the expected score a
unit weight particle will generate from a given point or upon entering a cell. By setting
the window inversely proportional to importance, the technique attempts to make the
product of the track weight and the mean score (for unit track weight) approximately
constant across different tracks. Under these conditions, the calculation’s variance is
primarily attributable to the variation in the number of contributing tracks rather than
the variation in the scores of individual tracks. The constant of inverse proportionality
is often set such that source particles begin within the window.

The weight window technique shares similarities with geometry splitting but also
has key distinctions:

e The weight window can depend on space, energy, and time, whereas geometry
splitting is solely space-dependent.

e Actions in the weight window are based on a particle’s absolute weight, while
geometry splitting is applied irrespective of weight.

e Geometry splitting uses the ratio of importances across a surface to determine
the splitting factor, whereas the weight window uses absolute weight bounds.
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e The weight window can be applied at surfaces, collision sites, or both, while ge-
ometry splitting only occurs at surfaces.

e Crucially, the weight window can control weight fluctuations introduced by other
biasing methods by forcing particles into the defined weight range, whereas ge-
ometry splitting preserves these fluctuations.

e Weight windows can be turned off for a cell or energy regime by setting the lower
bound (WL) to zero. However, this can activate a weight cutoff game at collisions,
potentially killing too many particles.

e Geometry splitting uses a product of importances for repeated structures, unlike
the weight window.

Finally, the Weight Window Generator tool automatically estimates weight window im-
portance functions, aiming to simplify the difficult task of manually determining impor-
tances through guessing, intuition, or trial and error. The generator estimates cell im-
portance as the total score from particles entering the cell (and their progeny) divided
by the total weight entering the cell. It then provides weight windows inversely propor-
tional to these estimates in an output file formatted for use in a subsequent calculation.
The generator uses standard MCNP cells or a superimposed mesh grid (cylindrical in this
case) for spatial division [37].
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Appendix Il

Source interface characterization tables
The values present in the following tables are the result of a processing of the data ob-
tained from the simulations that cannot be reported directly.
More precisely:

Value

__single energy data

total energy

o = Value x data relative error.

Upper part of the Interface (neutrons) (first part)

Energy bins [MeV] Tally101 Tally111 Tally121 Tally131
from to Value o Value o Value o Value o
1,00E-12 1,10E-10 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00
1,10E-10 1,53E-07 1,11E-02 4,43E-03 1,03E-02 2,05E-03 4,72E-03 3,97E-04 2,09E-03 8,76E-05
1,53E-07 4,14E-07 4,17E-02 1,18E-02 3,09E-02 3,64E-03 1,64E-02 7,89E-04 8,76E-03 2,00E-04
4,14E-07 1,12E-06 8,43E-02 1,48E-02 5,35E-02 4,91E-03 3,51E-02 1,19E-03 2,33E-02 3,47E-04
112E-06 | 3,06E-06 9,62E-02 1,78E-02 6,94E-02 6,19E-03 5,75E-02 1,55E-03 4,35E-02 4,78E-04
3,06E-06 | 5,04E-06 6,47E-02 1,31E-02 4,68E-02 4,46E-03 3,51E-02 1,06E-03 2,89E-02 3,44E-04
5,04E-06 | 8,32E-06 8,10E-02 1,53E-02 5,07E-02 4,50E-03 4,39E-02 1,22E-03 3,42E-02 3,69E-04
8,32E-06 | 1,37E-05 6,22E-02 1,18E-02 5,08E-02 4,46E-03 4,57E-02 1,26E-03 3,78E-02 3,89E-04
1,37E-05 | 2,26E-05 6,31E-02 1,44E-02 4,55E-02 4,06E-03 4,50E-02 1,19E-03 4,05E-02 4,05E-04
2,26E-05 | 3,73E-05 5,45E-02 1,17E-02 4,47E-02 4,00E-03 4,83E-02 1,30E-03 4,12E-02 4,08E-04
3,73E-05 | 6,14E-05 5,11E-02 1,20E-02 5,18E-02 4,63E-03 4,94E-02 1,28E-03 4,56E-02 4,24E-04
6,14E-05 1,01E-04 5,53E-02 1,18E-02 5,23E-02 4,45E-03 5,36E-02 1,35E-03 5,03E-02 4,53E-04
1,01E-04 1,67E-04 4,34E-02 1,02E-02 5,25E-02 4,71E-03 4,97E-02 1,29E-03 5,03E-02 4,53E-04
1,67E-04 | 2,75E-04 5,88E-02 1,30E-02 5,13E-02 4,55E-03 4,72E-02 1,25E-03 4,79E-02 4,41E-04
2,75E-04 | 3,54E-04 1,02E-02 3,81E-03 1,53E-02 2,20E-03 1,65E-02 6,34E-04 1,58E-02 2,16E-04
3,54E-04 | 4,54E-04 1,19E-02 3,81E-03 1,54E-02 2,17E-03 1,92E-02 6,81E-04 1,96E-02 2,41E-04
4,54E-04 | 5,83E-04 1,79E-02 6,32E-03 2,13E-02 2,40E-03 2,23E-02 7,40E-04 2,45E-02 2,72E-04
5,83E-04 | 7,49E-04 1,28E-02 4,43E-03 2,37E-02 2,74E-03 2,26E-02 7,61E-04 2,49E-02 2,74E-04
7,49E-04 9,61E-04 1,70E-02 5,52E-03 1,97E-02 2,31E-03 2,15E-02 7,24E-04 2,42E-02 2,71E-04
9,61E-04 | 1,09E-03 1,11E-02 4,27E-03 9,70E-03 1,51E-03 1,00E-02 4,32E-04 1,11E-02 1,59E-04
1,09E-03 | 1,23E-03 8,53E-03 3,62E-03 1,03E-02 1,60E-03 1,00E-02 4,32E-04 1,15E-02 1,59E-04
1,23E-03 | 1,40E-03 8,51E-03 3,18E-03 1,24E-02 1,95E-03 1,22E-02 4,85E-04 1,38E-02 1,78E-04
1,40E-03 | 1,58E-03 2,56E-03 1,91E-03 1,07E-02 1,50E-03 1,07E-02 4,50E-04 1,26E-02 1,69E-04
1,58E-03 | 1,80E-03 5,97E-03 3,52E-03 9,95E-03 1,49E-03 1,15E-02 4,72E-04 1,28E-02 1,72E-04
1,80E-03 | 2,03E-03 2,56E-03 1,91E-03 7,89E-03 1,29E-03 1,03E-02 4,45E-04 1,12E-02 1,59E-04
2,03E-03 | 2,31E-03 4,26E-03 2,25E-03 5,82E-03 1,07E-03 8,89E-03 413E-04 9,29E-03 1,46E-04
2,31E-03 2,61E-03 3,41E-03 2,09E-03 6,20E-03 1,21E-03 6,55E-03 3,48E-04 6,89E-03 1,24E-04
2,61E-03 | 2,96E-03 5,11E-03 3,61E-03 7,63E-03 1,25E-03 9,06E-03 417E-04 9,93E-03 1,50E-04
2,96E-03 | 3,35E-03 9,37E-03 3,51E-03 8,14E-03 1,32E-03 9,41E-03 4,20E-04 1,06E-02 1,55E-04
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Upper part of the Interface (neutrons) (second part)

Energy bins [MeV] Tally101 Tally111 Tally121 Tally131
from to Value o Value o Value o Value o

3,35E-03 3,80E-03 4,26E-03 2,25E-03 6,59E-03 1,18E-03 8,91E-03 4,22E-04 1,02E-02  1,53E-04
3,80E-03 4,31E-03 5,96E-03 2,82E-03 6,72E-03 1,19E-03 6,84E-03 3,69E-04 | 8,23E-03 1,36E-04
4,31E-03 4,88E-03 7,66E-03 3,51E-03 6,08E-03 1,18E-03 7,61E-03 3,79E-04 | 8,40E-03 1,38E-04
4,88E-03 5,53E-03 1,70E-03 1,21E-03 6,85E-03 1,21E-03 7,86E-03 3,91E-04 8,54E-03  1,38E-04
5,53E-03 6,27E-03 4,26E-03 2,56E-03 4,78E-03 9,59E-04 6,97E-03 3,59E-04 7,91E-03  1,34E-04
6,27E-03 710E-03 8,52E-04 8,52E-04 4,91E-03 9,50E-04 719E-03 3,65E-04 7,70E-03  1,32E-04
710E-03 8,05E-03 | 0,00E+00 0,00E+00 | 4,52E-03 1,01E-03 5,09E-03 3,04E-04 | 6,07E-03  1,17E-04
8,05E-03 9,12E-03 8,50E-04 8,50E-04 5,69E-03 1,1ME-03 5,90E-03 3,30E-04 | 6,69E-03 1,22E-04
9,12E-03 1,03E-02 5,96E-03 3,07E-03 4,65E-03 1,03E-03 7,82E-03 3,82E-04 9,58E-03  1,45E-04
1,03E-02 1,17E-02 2,55E-03 1,47E-03 5,94E-03 1,10E-03 8,82E-03 4,09E-04 1,J0E-02  1,60E-04
1,17E-02 1,33E-02 3,41E-03 1,70E-03 8,40E-03 1,45E-03 8,30E-03 4,07E-04 8,97E-03  1,44E-04
1,33E-02 1,50E-02 4,25E-03 2,25E-03 7,24E-03 1,27E-03 7,75E-03 3,95E-04 8,71E-03  1,40E-04
1,50E-02 1,70E-02 2,55E-03 1,90E-03 7,76E-03 1,43E-03 5,82E-03 3,17E-04 6,93E-03  1,24E-04
1,70E-02 1,93E-02 1,02E-02 5,25E-03 8,79E-03 1,44E-03 8,81E-03 411E-04 1,09E-02  1,58E-04
1,93E-02 2,19E-02 7,67E-03 3,51E-03 9,43E-03 1,37E-03 1,02E-02 4,37E-04 1,21E-02 1,67E-04
2,19E-02 2,48E-02 2,55E-03 1,90E-03 1,28E-02 1,81E-03 1,31E-02 4,97E-04 1,59E-02  1,92E-04
2,48E-02 2,61E-02 8,51E-04 8,51E-04 5,56E-03 9,76E-04 6,22E-03 3,05E-04 717E-03 1,13E-04
2,61E-02 2,81E-02 8,51E-04 8,51E-04 2,20E-03 6,71E-04 2,88E-03 2,08E-04 3,21E-03  7,58E-05
2,81E-02 3,18E-02 8,51E-04 8,51E-04 3,23E-03 9,05E-04 4,16E-03 2,73E-04 | 4,68E-03 9,97E-05
3,18E-02 4,09E-02 7,65E-03 3,71E-03 1,42E-02 2,00E-03 1,42E-02 5,95E-04 1,66E-02  2,21E-04
4,09E-02 5,25E-02 2,55E-03 1,90E-03 1,20E-02 1,82E-03 1,44E-02 6,11E-04 1,75E-02  2,29E-O4
5,25E-02 6,74E-02 8,49E-04 8,49E-04 1,33E-02 1,99E-03 1,36E-02 5,68E-04 1,78E-02  2,29E-04
6,74E-02 8,65E-02 5,10E-03 2,69E-03 1,12E-02 1,87E-03 1,45E-02 6,12E-04 1,78E-02  2,35E-04
8,65E-02 1,11E-01 2,55E-03 1,90E-03 71E-03 1,36E-03 1,19E-02 5,50E-04 1,37E-02  2,01E-04

1,1M1E-01 1,43E-01 0,00E+00 0,00E+00 71E-03 1,43E-03 1,57E-02 6,48E-04 1,79E-02  2,35E-04
1,43E-01 1,83E-01 2,55E-03 1,90E-03 3,23E-03 8,48E-04 1,06E-02 5,10E-04 1,31E-02 1,97E-04
1,83E-01 2,35E-01 6,81E-03 3,61E-03 4,65E-03 1,23E-03 8,55E-03 4,52E-04 1,11E-02 1,80E-04
2,35E-01 3,02E-01 2,56E-03 1,91E-03 3,88E-03 1,07E-03 9,10E-03 4,60E-04 1,22E-02 1,91E-04
3,02E-01 3,88E-01 2,56E-03 2,56E-03 3,75E-03 1,15E-03 7,94E-03 4,39E-04 1,07E-02  1,81E-04
3,88E-01 4,39E-01 | 0,00E+00 O0,00E+00 | 6,47E-04 3,43E-04 1,91E-03 1,79E-04 3,49E-03  8,67E-05
4,39E-01 4,98E-01 | 0,00E+00 0,00E+00 1,42E-03 5,63E-04 2,18E-03 1,97E-04 3,96E-03  9,18E-05
4,98E-01 5,64E-01 8,56E-04 8,56E-04 1,29E-04 1,29E-04 1,29E-03 1,48E-04 3,02E-03  8,24E-05
5,64E-01 6,39E-01 | 0,00E+00 0,00E+00 5,17E-04 4,09E-04 8,09E-04 1,22E-04 2,14E-03  6,87E-05
6,39E-01 7,24E-01 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00 | 3,34E-04 8,28E-05 1,1ME-03  4,93E-05
7,24E-01 8,21E-01 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00 1,83E-04 5,17E-05 5,91E-04  3,54E-05
8,21E-01 9,30E-01 | 0,00E+00 O,00E+00 | O,00E+O0 0,00E+00 1,19E-04 4,70E-O5 | 4,50E-04 3,04E-05
9,30E-01 | 1,05E+00 | 0,00E+00 O0,00E+00 | O,00E+00 0,00E+00 | 755E-05 3,23E-05 | 3,53E-04 2,66E-05
1,05e+00 | 1,19E+O0 | O0,00E+00 0O,00E+00 | O,00E+O0 0,00E+00 2,16E-05 1,53E-05 2,44E-04  216E-05
1,19E+00 | 1,35E+00 | O,00E+O0 0,00E+00 | 0,00E+00 O,00E+00 | 0,00E+O00 O0,00E+00 | 1,37E-04 1,70E-O5
1,35E+00 | 1,74E+00 | O,00E+00 0,00E+00 | 0,00E+00 0,00E+00 | 0,00E+00 O0,00E+00 | 1,51E-04  1,86E-05
1,74E+00 | 2,23E+00 | 0,00E+00 0,00E+00 | O,00E+O00 0,00E+00 1,08E-05 1,08E-05 5,75E-05  1,03E-05
2,23E+00 | 2,87E+00 | O,00E+00 O0,00E+00 | 0,00E+00 0,00E+00 1,08E-05 1,08E-05 2,43E-05 7]12E-06
2,87E+00 | 3,68E+00 | 0,00E+0O0 0,00E+00 | 0,00E+00 O0,00E+00 | O0,00E+00 0,00E+00 | 3,83E-06 2,86E-06
3,68E+00 | 4,72E+00 | 0,00E+00 0,00E+00 | 0,00E+00 0,00E+00 | 0,00E+00 0,00E+00 | 1,28E-06 1,28E-06
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Upper part of the Interface (neutrons) (third part)

Energy bins [MeV] Tally101 Tally111 Tally121 Tally131

from to Value o Value o Value o Value o
4,72E+00 | 6,07E+00 | 0,00E+00 O,00E+00 | O,00E+00 0,00E+00 | 0,00E+00 0,00E+00 | O0,00E+00 0,00E+00
6,07E+00 | 7,79E+O0 | 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 O0,00E+00 | O,00E+00 0,00E+00
7,79E+00 | 1,00E+01 | O,00E+O0 0,00E+00 | 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00 | 0,00E+00 0,00E+00
1,00E+01 1,19E+01 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 O,00E+0O0 | O,00E+O0 0,00E+00
1,19E+01 1,35E+01 | 0,00E+00 0,00E+00 | O,00E+0O0 0,00E+00 | 0,00E+00 0,00E+00 | O,00E+0O0 0,00E+00
1,35E+01 1,49E+01 | O,00E+00 O0,00E+00 | O,00E+00 0,00E+00 | O,00E+O0 O0,00E+00 | 0,00E+00 0,00E+00
1,49E+01 1,69E+01 | 0,00E+00 O,00E+00 | 0,00E+00 0,00E+00 | O0,00E+0O0 0,00E+00 | 0,00E+00 0,00E+00
1,69E+01 1,96E+01 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00 | 0,00E+00 O,00E+00 | O,00E+O0 0,00E+00

total total 1,00E+00 8,26E-02 1,00E+00 3,32E-02 1,00E+00 9,90E-03 1,00E+00 3,50E-03
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Middle part of the Interface (neutrons) (first part)

Energy bins [MeV] Tally141 Tally151 Tally161
from to Value o Value o Value o
1,00E-12 1,10E-10 | 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00 | 0,00E+00 0,00E+00
1,10E-10 1,53E-07 1,21E-03 3,61E-05 8,13E-05 3,03E-05 1,26E-03 4,91E-05
1,53E-07 4,14E-07 5,22E-03 7,94E-05 3,51E-04 6,85E-05 5,48E-03 1,11E-04
414E-07 1,12E-06 1,57E-02 1,48E-04 1,05E-03 1,22E-04 1,51E-02 1,95E-04
1,12E-06 | 3,06E-06 3,11E-02 2,09E-04 2,09E-03 1,77E-04 2,97E-02 2,74E-04
3,06E-06 | 5,04E-06 | 2,22E-02 1,55E-04 1,49E-03 1,32E-04 2,06E-02 2,02E-04
5,04E-06 | 8,32E-06 2,71E-02 1,71E-04 1,82E-03 1,46E-04 2,54E-02 2,23E-04
8,32E-06 | 1,37E-05 3,08E-02 1,82E-04 2,07E-03 1,56E-04 2,85E-02 2,37E-04
1,37E-05 | 2,26E-05 3,33E-02 1,90E-04 2,23E-03 1,63E-04 3,07E-02 2,46E-04
2,26E-05 | 3,73E-05 3,47E-02 1,91E-04 2,33E-03 1,70E-04 3,25E-02 2,53E-04
3,73E-05 | 6,14E-05 4,01E-02 2,05E-04 2,69E-03 1,81E-04 3,65E-02 2,66E-04
6,14E-05 1,01E-04 4,50E-02 2,20E-04 3,02E-03 1,93E-04 4,09E-02 2,82E-04
1,01E-04 | 1,67E-04 4,60E-02 2,21E-04 3,09E-03 1,96E-04 4,20E-02 2,85E-04
1,67E-04 | 2,75E-04 4,57E-02 2,24E-04 3,07E-03 1,95E-04 418E-02 2,84E-04
2,75E-04 | 3,54E-04 1,47E-02 1,08E-04 9,89E-04 9,57E-05 1,41E-02 1,43E-04
3,54E-04 | 4,54E-04 1,93E-02 1,23E-04 1,29E-03 1,10E-04 1,81E-02 1,61E-04
4,54E-04 | 5,83E-04 2,42E-02 1,40E-04 1,62E-03 1,25E-04 2,22E-02 1,80E-04
5,83E-04 | 7,49E-04 2,50E-02 1,42E-04 1,68E-03 1,26E-04 2,30E-02 1,84E-04
7,49E-04 | 9,61E-04 2,47E-02 1,41E-04 1,66E-03 1,26E-04 2,31E-02 1,82E-04
9,61E-04 | 1,09E-03 1,12E-02 8,21E-05 7,55E-04 7,44E-05 1,07E-02 1,08E-04
1,09E-03 | 1,23E-03 1,17E-02 8,32E-05 7,86E-04 7,37E-05 1,12E-02 1,10E-04
1,23E-03 | 1,40E-03 1,43E-02 9,46E-05 9,62E-04 8,43E-05 1,35E-02 1,23E-04
1,40E-03 | 1,58E-03 1,30E-02 8,86E-05 8,74E-04 7,94E-05 1,26E-02 1,17E-04
1,58E-03 | 1,80E-03 1,36E-02 9,10E-05 9,12E-04 8,25E-05 1,33E-02 1,22E-04
1,80E-03 | 2,03E-03 1,16E-02 8,36E-05 7,79E-04 7,57E-05 1,14E-02 1,12E-04
2,03E-03 | 2,31E-03 9,30E-03 7,53E-05 6,24E-04 6,86E-05 9,40E-03 1,02E-04
2,31E-03 | 2,61E-03 7,01E-03 6,45E-05 4,71E-04 5,90E-05 7,07E-03 8,69E-05
2,61E-03 | 2,96E-03 1,03E-02 7,91E-05 6,89E-04 7,23E-05 1,02E-02 1,06E-04
2,96E-03 | 3,35E-03 1,11E-02 8,24E-05 7,47E-04 7,53E-05 1,12E-02 1,11E-04
3,35E-03 | 3,80E-03 1,05E-02 7,98E-05 7,05E-04 7,35E-05 1,09E-02 1,10E-04
3,80E-03 | 4,31E-03 8,55E-03 718E-05 5,74E-04 6,59E-05 9,01E-03 9,92E-05
4,31E-03 | 4,88E-03 8,77E-03 7,28E-05 5,89E-04 6,71E-05 9,14E-03 9,96E-05
4,88E-03 | 5,53E-03 9,26E-03 7,50E-05 6,21E-04 6,89E-05 9,57E-03 1,02E-04
5,53E-03 | 6,27E-03 8,24E-03 7,09E-05 5,53E-04 6,56E-05 8,70E-03 9,74E-05
6,27E-03 | 710E-03 8,35E-03 710E-05 5,61E-04 6,44E-05 8,71E-03 9,75E-05
710E-03 | 8,05E-03 | 6,52E-03 6,26E-05 4,38E-04 5,66E-05 6,83E-03 8,60E-05
8,05E-03 | 9,12E-03 | 730E-03 6,57E-05 | 4,90E-04  6,08E-05 | 7,64E-03 9,01E-05
9,12E-03 | 1,03E-02 1,08E-02 8,10E-05 7,25E-04 7,34E-05 1,13E-02 1,10E-04
1,03E-02 1,17E-02 1,24E-02 8,65E-05 8,29E-04 8,03E-05 1,30E-02 1,20E-04
1,17E-02 1,33E-02 9,81E-03 7,75E-05 6,58E-04 716E-05 1,06E-02 1,09E-04
1,33E-02 | 1,50E-02 9,89E-03 7,72E-05 6,64E-04 712E-05 1,04E-02 1,06E-04
1,50E-02 | 1,70E-02 7,92E-03 6,81E-05 5,32E-04 6,33E-05 8,26E-03 9,34E-05
1,70E-02 | 1,93E-02 1,30E-02 8,96E-05 8,72E-04 8,10E-05 1,34E-02 1,22E-04
1,93E-02 2,19E-02 1,49E-02 9,54E-05 1,00E-03 8,74E-05 1,57E-02 1,32E-04
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Middle part of the Interface (neutrons) (second part)

Energy bins [MeV] Tally141 Tally151 Tally161
from to Value o Value o Value o
2,19E-02 2,48E-02 1,95E-02 1,11E-04 1,31E-03 1,03E-04 2,08E-02 1,54E-04
2,48E-02 2,61E-02 8,77E-03 6,49E-05 5,89E-04 5,99E-05 9,53E-03 9,05E-05
2,61E-02 2,81E-02 3,72E-03 4,21E-05 2,50E-04 3,91E-05 413E-03 5,91E-05
2,81E-02 3,18E-02 5,42E-03 5,59E-05 3,64E-04 5,25E-05 6,13E-03 7,97E-05
3,18E-02 4,09E-02 2,03E-02 1,28E-04 1,36E-03 1,18E-04 2,25E-02 1,80E-04
4,09E-02 5,25E-02 2,16E-02 1,32E-04 1,45E-03 1,22E-04 2,42E-02 1,89E-04
5,25E-02 6,74E-02 2,18E-02 1,31E-04 1,46E-03 1,25E-04 2,49E-02 1,92E-04
6,74E-02 8,65E-02 2,25E-02 1,37E-04 1,51E-03 1,29E-04 2,59E-02 1,97E-04
8,65E-02 1,11E-01 1,72E-02 1,17E-04 1,16E-03 1,12E-04 2,04E-02 1,71E-04
1,1ME-01 1,43E-01 2,35E-02 1,38E-04 1,58E-03 1,33E-04 2,80E-02 2,07E-04
1,43E-01 1,83E-01 1,68E-02 1,16E-04 1,13E-03 1,12E-04 2,07E-02 1,74E-04
1,83E-01 2,35E-01 1,45E-02 1,08E-04 9,75E-04 1,04E-04 1,80E-02 1,60E-04
2,35E-01 3,02E-01 1,67E-02 1,17E-04 1,12E-03 1,12E-04 2,02E-02 1,74E-04
3,02E-01 3,88E-01 1,49E-02 1,11E-04 1,00E-03 1,06E-04 1,69E-02 1,55E-04
3,88E-01 4,39E-01 5,23E-03 5,60E-05 3,51E-04 5,29E-05 5,35E-03 7,59E-05
4,39E-01 4,98E-01 6,36E-03 6,17E-05 4,27E-04 5,75E-05 5,90E-03 7,96E-05
4,98E-01 5,64E-01 5,12E-03 5,52E-05 3,43E-04 5,16E-05 4,45E-03 6,94E-05
5,64E-01 6,39E-01 4,03E-03 4,96E-05 2,71E-04 4,57E-05 3,13E-03 5,89E-05
6,39E-01 7,24E-01 2,27E-03 3,63E-05 1,52E-04 3,38E-05 1,64E-03 4,18E-05
7,24E-01 8,21E-01 1,15E-03 2,57E-05 7,69E-05 2,44E-05 8,57E-04 2,98E-05
8,21E-01 9,30E-01 9,13E-04 2,30E-05 6,13E-05 2,08E-05 6,70E-04 2,64E-05
9,30E-01 1,05E+00 7,05E-04 2,02E-05 4,73E-05 1,86E-05 4,64E-04 2,16E-05
1,05e+00 | 1,19E+00 6,07E-04 1,86E-05 4,07E-05 1,65E-05 3,05E-04 1,78E-05
119E+00 | 1,35E+00 3,42E-04 1,36E-05 2,30E-05 1,26E-05 1,30E-04 1,09E-05
1,35E+00 | 1,74E+00 3,66E-04 1,41E-05 2,46E-05 1,31E-05 1,48E-04 1,26E-05
1,74E+00 | 2,23E+00 1,68E-04 9,53E-06 1,13E-05 8,34E-06 5,00E-05 71E-06
2,23E+00 | 2,87E+00 7,52E-05 6,32E-06 5,05E-06 5,38E-06 1,48E-05 3,38E-06
2,87E+00 | 3,68E+00 1,46E-05 2,60E-06 9,78E-07 2,12E-06 5,55E-06 2,05E-06
3,68E+00 | 4,72E+00 3,73E-06 1,22E-06 2,50E-07 1,29E-06 3,70E-06 1,95E-06
4,72E+00 | 6,07E+00 1,36E-06 6,79E-07 9,11E-08 9,14E-07 0,00E+00 0,00E+00
6,07E+00 | 7,79E+00 1,02E-06 5,89E-07 6,84E-08 8,72E-07 1,23E-06 8,71E-07
7,79E+00 | 1,00E+01 3,39E-07 3,39E-07 2,28E-08 2,76E-07 | 0,00E+00 0,00E+00
1,00E+01 1,19E+01 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 0,00E+00
1,19E+01 1,35E+01 | 0,00E+00 0O,00E+00 | O,00E+O0 0,00E+00 | O0,00E+00 0,00E+00
1,35E+01 1,49E+01 3,38E-07 3,38E-07 2,27E-08  0,00E+00 | 0,00E+00 0,00E+00
1,49E+01 1,69E+01 | 0,00E+0O0 0,00E+00 | 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00
1,69E+01 1,96E+01 | 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 0,00E+00
total total 1,00E+00 1,90E-03 6,71E-02 1,70E-03 1,00E+00 2,50E-03
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Lower part of the Interface (neutrons) (first part)

Energy bins [MeV] Tally171 Tally181 Tally191

from to Value o Value o Value o

1,00E-12 1,10E-10 | O,00E+00 O0,00E+00 | O,00E+00 0,00E+00 | O,00E+00 0,00E+00

1,10E-10 1,53E-07 | 2,49E-03 1,59E-04 5,80E-03  6,63E-04 1,37E-02 3,27E-03

1,53E-07 | 4,14E-07 | 9,39E-03 3,25E-04 1,69E-02 1,25E-03 3,42E-02 5,17E-03

414E-07 | 112E-06 2,35E-02 5,53E-04 3,94E-02 1,98E-03 4,24E-02 5,84E-03

112E-06 | 3,06E-06 | 4,18E-02 7,28E-04 6,71E-02 2,66E-03 8,81E-02 9,34E-03

3,06E-06 | 5,04E-06 | 2,82E-02 5,32E-04 3,68E-02 1,68E-03 5,24E-02 6,21E-03

5,04E-06 | 8,32E-06 | 3,32E-02 5,77E-04 4,93E-02  2,04E-03 | 6,04E-02  7,00E-03

8,32E-06 | 1,37E-05 | 3,58E-02 5,95E-04 4,78E-02 1,94E-03 6,36E-02 6,91E-03

1,37E-05 | 2,26E-05 | 3,93E-02 6,25E-04 4,61E-02 1,89E-03 5,59E-02 6,73E-03

2,26E-05 | 3,73E-05 | 3,84E-02 6,17E-04 4,93E-02 1,99E-03 4,72E-02 5,89E-03

3,73E-05 | 6,14E-05 4,19E-02 6,41E-04 4,92E-02 1,98E-03 5,99E-02 7,01E-03

6,14E-05 | 1,01E-04 4,57E-02 6,72E-04 526E-02  2,00E-03 5,62E-02 6,64E-03

1,01E-04 | 1,67E-04 | 4,70E-02 6,91E-04 4,96E-02 1,98E-03 5,56E-02 6,62E-03

1,67E-04 | 2,75E-04 | 4,60E-02 6,77E-04 4,91E-02 2,04E-03 6,54E-02 7,37E-03

2,75E-04 | 3,54E-04 | 1,51E-02 3,31E-04 1,61E-02 9,81E-04 2,50E-02  3,88E-03

3,54E-04 | 4,54E-04 | 1,88E-02 3,72E-04 1,89E-02 1,05E-03 2,05E-02 3,51E-03

4,54E-04 | 5,83E-04 | 2,34E-02 4,17E-04 2,37E-02 1,19E-03 2,40E-02  3,80E-03

5,83E-04 | 7,49E-04 | 2,46E-02  4,30E-04 2,31E-02 1,17E-03 2,37E-02 3,61E-03

749E-04 | 9,61E-04 | 2,45E-02  4,29E-04 2,17E-02 1,13E-03 1,50E-02 2,89E-03

9,61E-04 | 1,09E-03 1,13E-02 2,52E-04 1,01E-02 6,79E-04 8,98E-03 2,15E-03

1,09E-03 | 1,23E-03 1,15E-02 2,51E-04 1,04E-02 6,74E-04 7,74E-03 1,67E-03

1,23E-03 | 1,40E-03 | 1,38E-02 2,82E-04 1,29E-02 7,82E-04 6,98E-03 1,86E-03

1,40E-03 | 1,58E-03 1,26E-02 2,65E-04 1,10E-02 6,96E-04 3,74E-03 1,30E-03

1,58E-03 | 1,80E-03 | 1,29E-02 2,73E-04 1,23E-02 7,76E-04 6,99E-03 1,73E-03

1,80E-03 | 2,03E-03 1,13E-02 2,49E-04 1,04E-02 6,81E-04 5,99E-03 1,54E-03

2,03E-03 | 2,31E-03 | 9,53E-03  2,29E-04 | 9,30E-O3 6,71E-04 4,74E-03 1,30E-03

2,31E-03 | 2,61E-03 | 726E-03  2,00E-04 6,21E-03 5,20E-04 5,49E-03 1,50E-03

2,61E-03 | 2,96E-03 | 1,07E-02 2,47E-04 9,60E-03  6,58E-04 7,98E-03 1,80E-03

2,96E-03 | 3,35E-03 | 1,06E-02  2,40E-04 1,09E-02 7,00E-04 9,47E-03 2,17E-03

3,35E-03 | 3,80E-03 | 1,07E-02 2,45E-04 9,12E-03 6,37E-04 5,99E-03 1,62E-03

3,80E-03 | 4,31E-03 | 8,93E-03  2,23E-04 7,08E-03 5,72E-04 4,99E-03 1,37E-03

4,31E-03 | 4,88E-03 | 9,18E-03 2,26E-04 7,03E-03 5,65E-04 6,49E-03 1,58E-03

4,88E-03 | 5,53E-03 | 9,44E-03 2,31E-04 7,66E-03 5,88E-04 | 4,99E-03 1,45E-03

5,53E-03 | 6,27E-03 | 8,41E-03 2,15E-04 6,74E-03 5,29E-04 3,25E-03 1,09E-03

6,27E-03 | 7,10E-03 8,44E-03 2,15E-04 7,51E-03 5,74E-04 3,50E-03  9,99E-04

710E-03 | 8,05E-03 | 6,44E-03 1,87E-04 5,57E-03  4,90E-04 1,50E-03 7,90E-04

8,05E-03 | 9,12E-03 7,28E-03 1,98E-04 575E-03  4,80E-04 | 2,74E-03 1,25E-03

9,12E-03 | 1,03E-02 | 1,06E-02 2,41E-04 8,10E-03  6,08E-04 | 3,99E-03 1,32E-03

1,03E-02 | 1,17E-02 1,15E-02 2,54E-04 8,97E-03 6,34E-04 | 4,99E-03 1,32E-03

117E-02 | 1,33E-02 | 9,24E-03  2,26E-04 | 8,02E-03 6,14E-04 5,24E-03 1,71E-03

1,33E-02 | 1,50E-02 9,15E-03 2,22E-04 7,23E-03 5,62E-04 | 2,00E-03  9,33E-04

1,50E-02 | 1,70E-02 | 7,54E-O3 2,04E-04 5,47E-03 4,87E-04 1,50E-03 6,11E-04

1,70E-02 | 1,93E-02 1,13E-02 2,49E-04 9,02E-03  6,63E-04 | 3,99E-03 1,17E-03

1,93E-02 | 2,19E-02 1,38E-02 2,81E-04 9,93E-03  6,85E-04 5,49E-03 1,83E-03
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Lower part of the Interface (neutrons) (second part)

Energy bins [MeV] Tally171 Tally181 Tally191
from to Value o Value o Value o
2,19E-02 2,48E-02 1,79E-02 3,22E-04 1,21E-02 7,55E-04 5,99E-03 1,54E-03
2,48E-02 2,61E-02 7,85E-03 1,85E-04 4,98E-03 419E-04 2,99E-03 1,06E-03
2,61E-02 2,81E-02 3,70E-03 1,25E-04 2,58E-03 2,90E-04 1,50E-03 6,11E-04
2,81E-02 3,18E-02 5,37E-03 1,68E-04 3,83E-03 4,10E-04 9,99E-04 4,99E-04
3,18E-02 4,09E-02 1,88E-02 3,73E-04 1,28E-02 9,03E-04 5,73E-03 1,81E-03
4,09E-02 5,25E-02 1,99E-02 3,83E-04 1,24E-02 8,18E-04 6,49E-03 2,00E-03
5,25E-02 6,74E-02 1,98E-02 3,78E-04 1,21E-02 8,66E-04 8,98E-03 2,03E-03
6,74E-02 8,65E-02 2,07E-02 4,03E-04 1,29E-02 8,82E-04 5,24E-03 1,64E-03
8,65E-02 1,11E-01 1,56E-02 3,37E-04 9,48E-03 7,53E-04 9,48E-03 2,57E-03
1,1ME-01 1,43E-01 2,06E-02 3,99E-04 1,16E-02 8,39E-04 6,23E-03 1,74E-03
1,43E-01 1,83E-01 1,44E-02 3,23E-04 8,12E-03 6,85E-04 2,74E-03 9,66E-04
1,83E-01 2,35E-01 1,20E-02 2,89E-04 5,57E-03 5,57E-04 4,00E-03 1,32E-03
2,35E-01 3,02E-01 1,27E-02 3,11E-04 4,93E-03 5,54E-04 2,50E-03 9,34E-04
3,02E-01 3,88E-01 9,13E-03 2,56E-04 4,22E-03 4,77E-04 2,99E-03 1,36E-03
3,88E-01 4,39E-01 2,56E-03 1,19E-04 1,30E-03 2,27E-04 1,50E-03 7,88E-04
4,39E-01 4,98E-01 2,80E-03 1,24E-04 9,71E-04 1,84E-04 9,96E-04 6,10E-04
4,98E-01 5,64E-01 1,68E-03 9,56E-05 6,13E-04 1,73E-04 0,00E+00 0,00E+00
5,64E-01 6,39E-01 1,06E-03 7,80E-05 3,07E-04 1,02E-04 | O,00E+00 0,00E+00
6,39E-01 7,24E-01 4,46E-04 4,64E-05 1,02E-04 5,11E-O5 0,00E+00 0,00E+00
7,24E-01 8,21E-01 2,47E-04 3,93E-05 1,02E-04 1,02E-04 | 0,00E+00 0,00E+00
8,21E-01 9,30E-01 1,33E-04 2,41E-05 2,56E-05 2,56E-05 | 0,00E+00 0,00E+00
9,30E-01 1,05E+00 5,06E-05 1,42E-05 5,13E-05 5,13E-05 0,00E+00 0,00E+00
1,05e+00 | 1,19E+00 5,06E-05 2,00E-05 | 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00
119E+00 | 1,35E+00 1,58E-05 8,37E-06 | 0,00E+O00 0,00E+00 | 0,00E+00 0,00E+00
1,35E+00 | 1,74E+00 2,22E-05 1,05E-05 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00
1,74E+00 | 2,23E+00 | 0,00E+00 O,00E+00 | O,00E+O0 0,00E+00 | 0,00E+00 0,00E+00
2,23E+00 | 2,87E+00 | O,00E+00 O0,00E+00 | 0,00E+00 0,00E+00 | O0,00E+00 0,00E+00
2,87E+00 | 3,68E+00 | 0,00E+0O0 0,00E+00 | 0,00E+00 O0,00E+00 | 0,00E+00 0,00E+00
3,68E+00 | 4,72E+00 | O0,00E+00 0,00E+00 | 0,00E+00 0,00E+00 | O,00E+00 0,00E+00
4,72E+00 | 6,07E+00 | O,00E+0O0 0,00E+00 | 0,00E+00 0,00E+00 | 0,00E+00 0,00E+00
6,07E+00 | 7,79E+00 | O,00E+00 O0,00E+00 | 0,00E+00 0,00E+00 | O,00E+00 0,00E+00
7,79E+00 | 1,00E+01 | O,00E+O0 0,00E+00 | 0,00E+00 O,00E+00 | O,00E+O0 0,00E+00
1,00E+01 1,19E+01 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 0,00E+00
1,19E+01 1,35E+01 | 0,00E+00 0O,00E+00 | O,00E+O0 0,00E+00 | O0,00E+00 0,00E+00
1,35E+01 1,49E+01 | O,00E+0O0 O0,00E+00 | 0,00E+00 O0,00E+00 | O,00E+0O0 0,00E+00
1,49E+01 1,69E+01 | 0,00E+0O0 0,00E+00 | 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00
1,69E+01 1,96E+01 | 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 0,00E+00
total total 1,00E+00 5,60E-03 1,00E+00 1,54E-02 1,00E+00 4,72E-02
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Entire Interface (photons) (first part)

Energy bins [MeV] Tally101
from to Value o

1,00E-12 1,10E-10 | O,00E+O0 0,00E+00
1,10E-10 1,53E-07 | 0,00E+00 0,00E+00
1,53E-07 414E-07 | 0,00E+00 0,00E+00
414E-07 112E-06 | O,00E+0O0 0,00E+00
1,12E-06 | 3,06E-06 | 0,00E+00 0,00E+00
3,06E-06 | 5,04E-06 | 0,00E+00 0,00E+00
5,04E-06 | 8,32E-06 | 0,00E+00 0,00E+00
8,32E-06 | 1,37E-05 | 0,00E+00 0,00E+00
1,37E-05 | 2,26E-O5 | 0,00E+00 0,00E+00
2,26E-05 | 3,73E-05 | 0,00E+00 0,00E+00
3,73E-05 | 6,14E-05 | O,00E+00 0,00E+00
6,14E-05 1,01E-04 | O,00E+00 0,00E+00
1,01E-04 1,67E-04 | 0,00E+00 0,00E+00
1,67E-04 | 2,75E-04 | 0,00E+00 0,00E+00
2,75E-04 | 3,54E-04 | 0,00E+00 0,00E+00
3,54E-04 | 4,54E-04 | O,00E+O00 0,00E+00
4,54E-04 | 5,83E-04 | 0,00E+00 0,00E+00
5,83E-04 | 7,49E-04 | 0,00E+00 0,00E+00
7,49E-04 | 9,61E-04 | 0,00E+00 0,00E+00
9,61E-04 | 1,09E-03 | 0,00E+00 0,00E+00
1,09E-03 | 1,23E-03 | O0,00E+O0 0,00E+00
1,23E-03 | 1,40E-O3 | 0,00E+00 0,00E+00
1,40E-03 | 1,58E-03 | 0,00E+00 0,00E+00
1,58E-03 | 1,80E-03 | 0,00E+00 0,00E+00
1,80E-03 | 2,03E-03 | 0,00E+00 0,00E+00
2,03E-03 | 2,31E-03 | O,00E+00 0,00E+00
2,31E-03 | 2,61E-03 7,36E-06 7,36E-06

2,61E-03 | 2,96E-03 | 0,00E+00 0,00E+00
2,96E-03 | 3,35E-03 | 0,00E+00 0,00E+00
3,35E-03 | 3,80E-03 | 0,00E+00 0,00E+00
3,80E-03 | 4,31E-03 | 0,00E+00 0,00E+00
4,31E-03 | 4,88E-03 | 0,00E+00 0,00E+00
4,88E-03 | 5,53E-03 1,48E-05 1,04E-05

5,53E-03 | 6,27E-03 7,41E-06 7,41E-06

6,27E-03 | 710E-03 7,43E-06 7,43E-06

710E-03 | 8,05E-03 7,43E-06 7,43E-06

8,05E-03 | 9,12E-03 | 7,38E-06 7,38E-06

9,12E-03 | 1,03E-02 | O,00E+O0 0O,00E+00
1,03E-02 1,17E-02 4,04E-04 5,84E-05

1,17E-02 1,33E-02 | O0,00E+00 0,00E+00
1,33E-02 | 1,50E-02 1,48E-05 1,05E-05

1,50E-02 | 1,70E-02 7,45E-06 7,45E-06
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Entire Interface (photons) (second part)

Energy bins [MeV] Tally101
from to Value o

1,70E-02 1,93E-02 2,22E-05 1,28E-05
1,93E-02 2,19E-02 7,41E-06 7,41E-06
2,19E-02 2,48E-02 2,82E-05 1,65E-05
2,48E-02 2,61E-02 1,48E-05 1,05E-05
2,61E-02 2,81E-02 7,44E-06 7,44E-06
2,81E-02 3,18E-02 5,98E-05 2,11E-05
3,18E-02 4,09E-02 1,74E-04 3,89E-05
4,09E-02 5,25E-02 4,50E-04 6,28E-05
5,25E-02 6,74E-02 1,78E-03 1,30E-04
6,74E-02 8,65E-02 2,54E-02 4,94E-04
8,65E-02 1,1M1E-01 9,64E-03 2,96E-04
1,11E-01 1,43E-01 2,40E-02 4,78E-04
1,43E-01 1,83E-01 4,01E-02 6,26E-04
1,83E-01 2,35E-01 5,72E-02 7,44E-04
2,35E-01 3,02E-01 6,33E-02 7,91E-04
3,02E-01 | 3,88E-01 | 6,86E-02  8,23E-04
3,88E-01 4,39E-01 3,29E-02 5,63E-04
4,39E-01 4,98E-01 3,49E-02 5,76E-04
4,98E-01 5,64E-01 1,02E-01 9,93E-04
5,64E-01 6,39E-01 2,19E-02 4,65E-04
6,39E-01 7,24E-01 2,25E-02 4,78E-04
7,24E-01 8,21E-01 2,82E-02 5,41E-04
8,21E-01 9,30E-01 3,82E-02 6,27E-04
9,30E-01 1,05E+00 1,71E-02 415E-04
1,05E+00 | 1,19E+00 1,72E-02 417E-04
1,19E+00 1,35E+00 1,87E-02 4,30E-04
1,35E+00 | 1,74E+00 4,31E-02 6,55E-04
1,74E+00 | 2,23E+00 | 4,02E-02 6,39E-04
2,23E+00 | 2,87E+00 | 4,33E-02 6,62E-04
2,87E+00 | 3,68E+00 4,19E-02 6,54E-04
3,68E+00 | 4,72E+00 4,11E-02 6,41E-04
4,72E+00 | 6,07E+00 | 4,78E-02 6,55E-04
6,07E+00 | 7,79E+00 7,86E-02 8,33E-04
7,79E+00 | 1,00E+01 3,88E-02 5,59E-04
1,00E+01 1,19E+01 2,97E-05 1,49E-05
1,19E+01 1,35E+01 | 0,00E+00 0,00E+00
1,35E+01 1,49E+01 | O,00E+00 0,00E+00
1,49E+01 1,69E+01 0,00E+00 0,00E+00
1,69E+01 1,96E+01 | 0,00E+00 0,00E+00
total total 1,00E+O0  4,40E-03
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Neutron Fluxes results tables
Tables of the SDEF Approach results

SDEF: Upper part: Tally 404, 414, 424, 434 (neutrons) (first part)

Tally 404 \ Tally 414 \ Tally 424 \ Tally 434
Normalized Values [a.u]

Upper bin Value o Value o Value o Value o
1,00E-12 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00
1,80E-12 0,00E+00 O0,00E+00 | 0,00E+O00 0,00E+00 | 0,00E+00 0,00E+00 | O,00E+00 0,00E+00
3,23E-12 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00
5,82E-12 0,00E+00 0,00E+00 | O,00E+O00 0,00E+00 | 0,00E+00 0,00E+00 | O,00E+00 0,00E+00
1,05E-11 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00 | 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00
1,88E-11 0,00E+00 0,00E+00 | O,00E+O00 0,00E+00 | 0,00E+00 0,00E+00 | O,00E+00 0,00E+00
3,38E-11 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00
6,09E-11 0,00E+00 O0,00E+00 | O,00E+O00 0,00E+00 | 0,00E+00 0,00E+00 | O,00E+00 0,00E+00
1,09E-10 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00
1,97E-10 4,11E-05 0,00E+00 | 0,00E+O0 0,00E+00 | 0,00E+00 0,00E+00 | O,00E+00 0,00E+00
3,54E-10 2,85E-05 0,00E+00 | O,00E+00 0,00E+00 | 0,00E+00 0,00E+00 | O0,00E+00 0,00E+00
6,37E-10 1,50E-04  0,00E+00 | 0,00E+00 O,00E+00 | O,00E+O0 0,00E+00 | 0,00E+00 0,00E+00
1,15E-09 4,73E-04  0,00E+00 | O,00E+O0 0,00E+00 | 0,00E+00 O0,00E+0O0 | O,00E+O0 0,00E+00
2,06E-09 1,43E-03 0,00E+00 | 0,00E+00 O0,00E+00 | O,00E+0O0 0,00E+00 | O,00E+00 0,00E+00
3,70E-09 4,16E-03 2,60E-03 3,66E-03 3,66E-03 | 0,00E+00 0,00E+00 1,39E-03 1,39E-03
6,66E-09 1,17E-02 1,09E-02 9,35E-03 9,35E-03 1,09E-03 8,06E-04 1,62E-03 1,62E-03
1,20E-08 3,41E-02 2,29E-02 3,72E-02 1,71E-02 9,33E-03 3,31E-03 2,20E-02 9,40E-03
2,15E-08 8,22E-02 3,03E-02 4,86E-02 1,28E-02 1,82E-02 7,49E-03 3,70E-02 1,39E-02
3,87E-08 1,58E-01 3,95E-02 1,19E-01 2,64E-02 7,37E-01 7,04E-01 9,64E-02 2,36E-02
6,97E-08 2,15E-01 3,87E-02 1,83E-01 3,13E-02 6,28E-02 1,91E-02 1,38E-01 2,68E-02
1,25E-07 1,59E-01 4,48E-02 1,17E-01 2,94E-02 5,04E-02 1,29E-02 7,01E-02 1,90E-02
2,25E-07 5,94E-02 2,13E-02 3,99E-02 1,70E-02 1,42E-02 4,79E-03 3,88E-02 1,03E-02
4,05E-07 3,04E-02 1,72E-02 2,73E-02 9,68E-03 5,04E-03 2,67E-03 4,26E-02 1,33E-02
7,29E-07 2,89E-02 1,43E-02 7,60E-02 4,14E-02 1,83E-02 9,95E-03 5,36E-02 1,33E-02
1,31E-06 2,78E-02 9,60E-03 2,25E-02 7,48E-03 7,57E-03 4,48E-03 4,88E-02 1,31E-02
2,36E-06 2,62E-02 6,46E-03 3,04E-02 9,96E-03 1,74E-02 7,67E-03 8,47E-02 1,85E-02
4,24E-06 2,49E-02 1,92E-02 4,54E-02 1,33E-02 7,08E-03 3,84E-03 3,34E-02 9,03E-03
7,63E-06 2,20E-02 4,89E-03 2,50E-02 7,96E-03 7,81E-03 3,34E-03 5,16E-02 1,24E-02
1,37E-05 1,95E-02 1,97E-02 2,24E-02 6,97E-03 1,37E-02 5,23E-03 4,75E-02 1,11E-02
2,47E-05 1,69E-02 4,04E-02 1,18E-02 4,46E-03 4,43E-03 2,57E-03 2,93E-02 8,20E-03
4,44E-05 1,51E-02 5,27E-03 1,73E-02 7,98E-03 2,68E-03 1,61E-03 3,97E-02 8,92E-03
7,98E-05 1,19E-02 4,75E-03 1,52E-02 7,04E-03 3,13E-03 1,95E-03 2,54E-02 8,65E-03
1,44E-04 8,50E-03 1,02E-02 2,41E-02 7,38E-03 3,86E-03 3,32E-03 1,72E-02 7,64E-03
2,58E-04 715E-03 1,47E-03 1,59E-02 6,20E-03 5,35E-03 3,04E-03 6,07E-03 3,13E-03
4,64E-04 5,42E-03 2,18E-03 8,80E-03 4,19E-03 0,00E+00 0,00E+00 7,52E-03 3,89E-03
8,35E-04 5,55E-03 7,39E-03 2,25E-02 8,37E-03 4,68E-03 2,31E-03 1,17E-02 5,14E-03
1,50E-03 5,24E-03 1,47E-03 3,25E-02 1,42E-02 5,08E-04 5,08E-04 1,61E-02 6,71E-03
2,70E-03 4,32E-03 9,74E-04 1,16E-02 7,50E-03 9,53E-04 7,59E-04 1,45E-02 8,46E-03
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SDER: Upper part: Tally 404, 414, 424, 434 (neutrons) (second part)

Tally 404 Tally 414 \ Tally 424 \ Tally 434
Normalized Values [a.u]

Upper bin Value o Value o Value o Value o
4,86E-03 3,63E-03 6,44E-03 3,42E-03 1,75E-03 2,93E-03 2,31E-03 1,00E-02 3,58E-03
8,73E-03 3,09E-03 1,04E-02 1,31E-02 5,05E-03 2,70E-04 2,70E-04 2,46E-02 7,92E-03
1,57E-02 2,94E-03  0,00E+00 9,28E-03 4,71E-03 3,39E-04 3,39E-04 1,52E-02 6,06E-03
2,82E-02 1,98E-03 8,60E-04 6,16E-03 2,88E-03 | 0,00E+00 0,00E+00 3,17E-03 2,27E-03
5,08E-02 9,54E-04 2,94E-03 | O0,00E+00 O0,00E+00 | 0,00E+00 0,00E+00 2,11E-03 1,57E-03
9,14E-02 9,06E-04 0,00E+00 | 2,08E-03 1,53E-03 1,39E-04 1,39E-04 6,77E-03 3,55E-03
1,64E-01 1,07E-03 2,18E-03 0,00E+00 0,00E+00 1,31E-04 1,31E-04 1,28E-03 1,28E-03
2,96E-01 3,72E-04  0,00E+00 3,76E-04 3,76E-04 | 0,00E+00 0,00E+00 1,94E-03 1,17E-03
5,31E-01 1,05e-04  0,00E+00 | 0,00E+00 0,00E+O0 1,49E-04 1,49E-04 0,00E+00 0,00E+00
9,56E-01 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 O0,00E+00 | 0,00E+O0 0,00E+00
1,72E+00 | O,00E+O0 O0,00E+00 | 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00 | 0,00E+00 0,00E+00

3,09E+00 | O0,00E+00 O0,00E+00 | 0,00E+0O0 0,00E+00 | 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00
5,56E+00 | 0,00E+00 0,00E+00 | 0,00E+O00 0,00E+00 | 0,00E+00 O0,00E+00 | O0,00E+00 0,00E+00
1,00E+0O1 0,00E+00 O0,00E+00 | O0,00E+O00 0,00E+00 | 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00

total 1,00E+00 1,20E-01 1,00E+00 9,65E-02 1,00E+00 7,26E-01 1,00E+00 7,70E-02
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SDEF: Upper part: Tally 444, 445 (neutrons) (first part)

Tally 444 \ Tally 454
Normalized Values [a.u]

Upper bin Value o Value o
1,00E-12 0,00E+00 O0,00E+0O0 | O,00E+O0 0,00E+00
1,80E-12 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00
3,23E-12 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00
5,82E-12 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00
1,05E-11 0,00E+00 O0,00E+0O0 | O,00E+O0 0,00E+00
1,88E-11 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00
3,38E-11 0,00E+00 O0,00E+0O0 | O,00E+O0 0,00E+00
6,09E-11 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00
1,09E-10 0,00E+00 O0,00E+0O0 | O,00E+O0 0,00E+00
1,97E-10 0,00E+00 0,00E+00 | O,00E+O00 0,00E+00
3,54E-10 0,00E+00 0,00E+00 | O,00E+00 0,00E+00
6,37E-10 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00
1,15E-09 0,00E+00 O0,00E+00 | O,00E+00 0,00E+00
2,06E-09 | 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00
3,70E-09 4,42E-03 4,42E-03 | 0,00E+00 0O,00E+00
6,66E-09 3,23E-03 3,23E-03 0,00E+00 0,00E+00
1,20E-08 2,02E-02 1,02E-02 5,40E-03 3,16E-03
2,15E-08 5,05E-02 1,44E-02 3,54E-02 1,36E-02
3,87E-08 8,60E-02 3,02E-02 1,48E-01 9,44E-02
6,97E-08 2,15E-01 5,12E-02 1,36E-01 4,33E-02
1,25E-07 1,15E-01 2,72E-02 9,32E-02 1,86E-02
2,25E-07 6,36E-02 2,93E-02 6,14E-02 1,59E-02
4,05E-07 2,77E-02 1,59E-02 6,60E-02 2,00E-02
7,29E-07 4,24E-02 1,78E-02 4,42E-02 1,27E-02
1,31E-06 4,60E-02 1,56E-02 5,29E-02 1,37E-02
2,36E-06 5,04E-02 2,35E-02 3,55E-02 1,09E-02
4,24E-06 1,92E-02 7,87E-03 6,67E-02 1,71E-02
7,63E-06 6,60E-02 4,59E-02 5,53E-02 1,51E-02
1,37E-05 4,14E-02 1,74E-02 4,04E-02 1,50E-02
2,47E-05 4,55E-02 2,21E-02 1,97E-02 8,36E-03
4,44E-05 1,68E-02 6,99E-03 1,47E-02 8,35E-03
7,98E-05 1,28E-02 6,12E-03 1,25E-02 6,29E-03
1,44E-04 9,88E-03 6,38E-03 1,25E-02 6,16E-03
2,58E-04 6,37E-03 4,39E-03 9,12E-03 5,36E-03
4,64E-04 1,01E-02 5,03E-03 7,61E-03 4,76E-03
8,35E-04 2,70E-02 2,58E-02 1,22E-03 8,75E-04
1,50E-03 6,66E-04 6,66E-04 1,31E-02 4,59E-03
2,70E-03 0,00E+00 0,00E+00 1,35E-02 6,19E-03
4,86E-03 1,57E-03 1,12E-03 1,59E-02 5,49E-03
8,73E-03 1,27E-02 8,11E-03 1,09E-02 5,49E-03
1,57E-02 3,23E-03 2,29E-03 1,40E-02 4, 51E-03
2,82E-02 8,24E-04 8,24E-04 1,95E-03 1,26E-03
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SDEF: Upper part: Tally 444, 445 (neutrons) (second part)

Tally 444 \ Tally 454
Normalized Values [a.u]

Upper bin Value o Value o
5,08E-02 1,68E-03 1,68E-03 5,53E-03 3,55E-03
9,14E-02 0,00E+00 0,00E+00 | 4,45E-03 2,59E-03
1,64E-01 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00
2,96E-01 0,00E+00 0,00E+00 | 2,92E-03 2,18E-03
5,31E-01 0,00E+00 O0,00E+0O0 | O,00E+O0 0,00E+00
9,56E-01 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00
1,72E+00 | O,00E+O0 0,00E+00 | 0,00E+00 0,00E+00

3,09E+00 | 0,00E+00 O,00E+00 | 0,00E+O0 0,00E+00
5,56E+00 | 0,00E+00 0,00E+00 | 0,00E+O00 0,00E+00
1,00E+01 0,00E+00 0,00E+00 | O,00E+O00 0,00E+00

total 1,00E+00 1,26E-01 1,00E+00 1,54E-01
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SDEF: Lower part (neutrons) (first part)

Tally 464 | Tally 474 \ Tally 484
Normalized Values [a.u]

Upper bin Value o Value o Value o
1,00E-12 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | 0O,00E+00 0,00E+00
1,80E-12 0,00E+00 O0,00E+00 | O0,00E+0O0 0,00E+00 | 0,00E+00 0,00E+00
3,23E-12 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | 0O,00E+00 0,00E+00
5,82E-12 0,00E+00 O0,00E+00 | O0,00E+0O0 0,00E+00 | 0,00E+00 0,00E+00
1,05E-11 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | 0O,00E+00 0,00E+00
1,88E-11 0,00E+00 O0,00E+00 | O0,00E+O00 0,00E+00 | 0,00E+00 0,00E+00
3,38E-11 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | 0O,00E+00 0,00E+00
6,09E-11 0,00E+00 O0,00E+00 | O0,00E+00 0,00E+00 | 0,00E+00 0,00E+00
1,09E-10 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | O,00E+00 0,00E+00
1,97E-10 4,11E-05 2,12E-05 4,25E-06 3,25E-06 9,27E-06 9,27E-06
3,54E-10 2,85E-05 1,39E-05 2,55E-05 1,20E-05 3,12E-05 1,38E-05
6,37E-10 1,50E-04 3,36E-05 6,97E-05 1,85E-05 8,05E-05 1,96E-05
1,15E-09 4,73E-04 7,77E-05 1,94E-04 3,42E-05 2,63E-04 4,00E-05
2,06E-09 1,43E-03 1,27E-04 8,30E-04 8,29E-05 7,50E-04 6,97E-05
3,70E-09 416E-03 2,16E-04 2,05E-03 1,11E-04 2,43E-03 1,38E-04
6,66E-09 1,17E-02 3,74E-04 7,22E-03 2,85E-04 7,08E-03 2,38E-04
1,20E-08 3,41E-02 6,99E-04 1,93E-02 4,90E-04 2,16E-02 6,99E-04
2,15E-08 8,22E-02 1,31E-03 4,99E-02 1,09E-03 5,22E-02 1,11E-03
3,87E-08 1,58E-01 2,15E-03 9,78E-02 1,90E-03 1,06E-01 2,14E-03
6,97E-08 2,15E-01 2,84E-03 1,35E-01 2,54E-03 1,44E-01 2,88E-03
1,25E-07 1,59E-01 2,19E-03 1,04E-01 2,07E-03 1,13E-01 2,35E-03
2,25E-07 5,94E-02 1,07E-03 4,84E-02 1,13E-03 5,08E-02 1,18E-03
4,05E-07 3,04E-02 7,43E-04 3,65E-02 1,01E-03 3,54E-02 9,50E-04
7,29E-07 2,89E-02 7,54E-04 4,04E-02 1,19E-03 3,74E-02 1,05E-03
1,31E-06 2,78E-02 7,49E-04 4,49E-02 1,29E-03 4,29E-02 1,30E-03
2,36E-06 2,62E-02 7,43E-04 4,64E-02 1,44E-03 4,45E-02 1,35E-03
4,24E-06 2,49E-02 7,41E-04 4,76E-02 1,65E-03 4,32E-02 1,46E-03
7,63E-06 2,20E-02 6,92E-04 4,32E-02 1,63E-03 412E-02 1,52E-03
1,37E-05 1,95E-02 7,06E-04 3,83E-02 1,54E-03 3,58E-02 1,41E-03
2,47E-05 1,69E-02 6,15E-04 3,47E-02 1,57E-03 3,41E-02 1,48E-03
4,44E-05 1,51E-02 6,44E-04 2,94E-02 1,42E-03 2,95E-02 1,46E-03
7,98E-05 1,19E-02 5,26E-04 2,51E-02 1,38E-03 2,49E-02 1,27E-03
1,44E-04 8,50E-03 4,33E-04 2,08E-02 1,24E-03 2,07E-02 1,22E-03
2,58E-04 715E-03 3,90E-04 1,56E-02 9,80E-04 1,55E-02 9,70E-04

4,64E-04 5,42E-03 3,24E-04 1,00E-02 7,00E-04 1,06E-02 714E-04
8,35E-04 5,55E-03 3,33E-04 1,45E-02 1,07E-03 1,39E-02 9,58E-04
1,50E-03 5,24E-03 3,34E-04 1,21E-02 9,63E-04 1,18E-02 8,79E-04
2,70E-03 4,32E-03 2,91E-04 9,29E-03 8,46E-04 8,70E-03 7,44E-04
4,86E-03 3,63E-03 3,00E-04 1,23E-02 1,31E-03 1,05E-02 9,50E-04
8,73E-03 3,09E-03 2,45E-04 1,27E-02 1,39E-03 9,80E-03 9,87E-04
1,57E-02 2,94E-03 2,33E-04 1,40E-02 1,69E-03 1,11E-02 1,34E-03
2,82E-02 1,98E-03 2,83E-04 9,48E-03 1,51E-03 7,53E-03 1,01E-03
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SDEF: Lower part (neutrons) (second part)

Tally 464 | Tally 474 \ Tally 484
Normalized Values [a.u]

Upper bin Value o Value o Value o
5,08E-02 9,54E-04 1,39E-04 3,82E-03 6,92E-04 3,28E-03 5,31E-04
9,14E-02 9,06E-04 1,31E-04 6,33E-03 1,13E-03 3,70E-03 5,85E-04
1,64E-01 1,07E-03 3,83E-04 5,20E-03 9,25E-04 3,86E-03 6,24E-04
2,96E-01 3,72E-04 9,04E-05 1,82E-03 3,89E-04 1,90E-03 3,69E-04
5,31E-01 1,05E-04 4,25E-05 6,01E-04 1,99E-04 5,00E-04 1,50E-04
9,56E-01 0,00E+00 0,00E+00 | 2,36E-05 2,36E-05 | 0,00E+00 0,00E+00
1,72E+00 | O,00E+O0 O0,00E+00 | 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00
3,09E+00 | 0,00E+O00 O0,00E+00 | 0,00E+O0 0O,00E+00 | O,00E+00 0,00E+00
5,56E+00 | 0,00E+00 0,00E+00 | 0,00E+O00 0,00E+00 | 0,00E+00 0,00E+00
1,00E+01 0,00E+00 O0,00E+00 | O0,00E+O00 0,00E+00 | 0,00E+00 0,00E+00

total 1,00E+00 1,24E-02 1,00E+00 2,61E-02 1,00E+00 2,54E-02
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SDEF: Shortest path through lead (photons)

Tally 104
Normalized Values [a.u]
Upper bin Value o
1,00E-03 0,00E+00 0,00E+00
1,21E-03 0,00E+00 0,00E+00
1,47E-03 0,00E+00 0,00E+00
1,79E-03 0,00E+00 0,00E+00
2,17E-03 0,00E+00 0,00E+00
2,63E-03 | 0,00E+00 0,00E+00
3,19E-03 0,00E+00 0,00E+00
3,87E-03 0,00E+00 0,00E+00
4,69E-03 | 0,00E+00 0,00E+00
5,69E-03 | 0,00E+00 0,00E+00
6,90E-03 | 0,00E+00 0,00E+00
8,37E-03 0,00E+00 0,00E+00
1,02E-02 0,00E+00 0,00E+00
1,23E-02 0,00E+00 0,00E+00
1,49E-02 1,88E-05 1,88E-05
1,81E-02 1,88E-05 1,88E-05
2,20E-02 | 0,00E+00 0,00E+00
2,67E-02 0,00E+00 0,00E+00
3,24E-02 0,00E+00 0,00E+00
3,93E-02 0,00E+00 0,00E+00
4,76E-02 2,31E-04 1,35E-04
5,78E-02 4,63E-04 2,43E-04
7,01E-02 4,66E-04 2,76E-04
8,50E-02 3,86E-03 3,64E-03
1,03E-01 4,79E-05 4,79E-05
1,25E-01 1,74E-04 1,23E-04
1,52E-01 0,00E+00 0,00E+00
1,84E-01 2,69E-03 2,45E-03
2,23E-01 1,24E-03 4,29E-04
2,71E-01 4,02E-03 9,08E-04
3,29E-01 5,18E-03 1,15E-03
3,99E-01 9,77E-03 1,59E-03
4,84E-01 1,80E-02 1,60E-03
5,87E-01 4,67E-02 2,90E-03
712E-01 4,09E-02 2,48E-03
8,64E-01 5,52E-02 3,05E-03
1,05E+00 7,39E-02 3,80E-03
1,27E+00 9,48E-02 4,60E-03
1,54E+00 1,26E-01 6,27E-03
1,87E+00 1,35E-01 6,86E-03
2,27E+00 1,40E-01 8,20E-03
2,75E+00 1,18E-01 8,92E-03
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SDEF: Shortest path through lead (photons)

Tally 104
Normalized Values [a.u]
Upper bin Value o
3,34E+00 7,70E-02 8,38E-03
4,05E+00 2,78E-02 4,48E-03
4,91E+00 1,53E-02 3,99E-03
5,96E+00 1,59E-03 1,21E-03
7,23E+00 1,62E-03 1,45E-03
8,77E+00 | 0,00E+00 0,00E+00
1,06E+01 0,00E+00 0,00E+00
1,29E+01 0,00E+00 0,00E+00
1,57E+01 0,00E+00 0,00E+00
1,90E+01 0,00E+00 0,00E+00
total 1,00E+00 2,87E-02
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Tables of the SSR/SSW Approach results

SSR/SSW: Upper part: Tally 404, 414, 424, 434 (neutrons) (first part)

Tally 404 \ Tally 414 \ Tally 424 \ Tally 434
Normalized Values [a.u]

Upper bin Value o Value o Value o Value o
1,00E-12 | 0,00E+00 0,00E+00 | 0,00E+00 0,00E+00 | 0,00E+00 0,00E+00 | 0,00E+00 0,00E+00
1,80E-12 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 O0,00E+0O0 | O,00E+O0 0,00E+00
3,23E-12 | 0,00E+00 0,00E+00 | 0,00E+00 0,00E+00 | 0,00E+00 0,00E+00 | 0,00E+00 0,00E+00
5,82E-12 0,00E+00 O0,00E+0O0 | O,00E+O0 0,00E+00 | 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00
1,05E-11 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00 | 0,00E+00 0,00E+00 | O,00E+00 0,00E+00
1,88E-11 0,00E+00 O0,00E+0O0 | O0,00E+O0 0,00E+00 | 0,00E+00 O0,00E+0O0 | O,00E+O0 0,00E+00
3,38E-11 0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00
6,09E-11 0,00E+00 0,00E+00 1,26E-07 1,26E-07 3,93E-05 3,93E-05 | 0,00E+00 0,00E+00
1,09E-10 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00 | 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00
1,97E-10 0,00E+00 0,00E+00 1,14E-05 8,14E-06 0,00E+00 0,00E+00 | 3,88E-05 3,88E-05
3,54E-10 1,69E-04 1,22E-04 1,40E-04 1,08E-04 1,76E-05 1,76E-05 0,00E+00 0,00E+00
6,37E-10 1,37E-04 4,70E-05 9,40E-05 3,40E-05 3,55E-05 2,36E-05 7,64E-05 4,35E-05
1,15E-09 2,62E-04 6,89E-05 2,52E-04 7,07E-05 1,71E-04 7,54E-05 3,40E-04 1,31E-04
2,06E-09 1,17E-02 1,07E-02 7,62E-04 1,63E-04 2,02E-03 5,82E-04 1,00E-03 2,11E-04
3,70E-09 3,82E-03 1,15E-03 2,98E-03 4,06E-04 3,16E-03 6,06E-04 2,27E-03 3,83E-04
6,66E-09 1,93E-02 1,15E-02 8,97E-03 1,05E-03 8,96E-03 1,18E-03 7,37E-03 8,03E-04
1,20E-08 3,92E-02 1,60E-02 2,86E-02 6,04E-03 3,89E-02 1,56E-02 2,66E-02 4,79E-03
2,15E-08 8,14E-02 2,20E-02 6,33E-02 6,24E-03 6,46E-02 4,53E-03 6,38E-02 71E-03
3,87E-08 1,15E-01 5,49E-03 1,33E-01 1,41E-02 1,26E-01 7,79E-03 1,31E-01 1,17E-02
6,97E-08 2,20E-01 3,53E-02 1,69E-01 1,11E-02 2,04E-01 2,12E-02 1,61E-01 1,01E-02
1,25E-07 1,84E-01 4,97E-02 1,40E-01 1,00E-02 1,65E-01 1,86E-02 1,31E-01 6,93E-03
2,25E-07 4,86E-02 4,64E-03 5,18E-02 4,53E-03 5,17E-02 2,48E-03 5,47E-02 2,02E-03
4,05E-07 4,56E-02 1,66E-02 3,52E-02 5,61E-03 3,05E-02 2,00E-03 3,14E-02 1,48E-03
7,29E-07 2,97E-02 4,68E-03 1,07E-01 8,31E-02 2,69E-02 2,17E-03 3,61E-02 3,63E-03
1,31E-06 2,14E-02 1,70E-03 2,72E-02 1,19E-03 2,86E-02 3,16E-03 3,77E-02 3,37E-03
2,36E-06 1,86E-02 1,08E-03 2,44E-02 8,95E-04 3,92E-02 1,36E-02 3,60E-02 1,24E-03
4,24E-06 2,18E-02 1,75E-03 2,47E-02 1,04E-03 2,31E-02 1,96E-03 3,53E-02 2,27E-03
7,63E-06 1,81E-02 2,56E-03 2,45E-02 2,55E-03 4,07E-02 2,02E-02 3,18E-02 1,13E-03
1,37E-05 1,62E-02 2,65E-03 1,86E-02 8,44E-04 1,59E-02 1,02E-03 2,75E-02 9,28E-04
2,47E-05 1,20E-02 1,10E-03 1,87E-02 8,74E-04 1,63E-02 1,44E-03 2,43E-02 9,35E-04
4,44E-05 1,40E-02 2,39E-03 1,55E-02 7,84E-04 2,06E-02 3,81E-03 2,26E-02 1,09E-03
7,98E-05 1,20E-02 1,94E-03 1,43E-02 8,68E-04 1,31E-02 2,06E-03 1,81E-02 9,38E-04
1,44E-04 1,17E-02 2,40E-03 1,16E-02 6,03E-04 9,82E-03 1,26E-03 1,47E-02 6,86E-04
2,58E-04 9,85E-03 2,43E-03 1,20E-02 2,79E-03 1,41E-02 4,94E-03 1,85E-02 6,50E-03
4,64E-04 1,15E-02 6,10E-03 1,51E-02 7,29E-03 8,29E-03 1,47E-03 8,75E-03 4,62E-04
8,35E-04 5,67E-03 5,18E-04 7,33E-03 4,64E-04 8,13E-03 1,19E-03 9,94E-03 5,35E-04
1,50E-03 6,36E-03 7,25E-04 6,98E-03 5,48E-04 7,38E-03 1,01E-03 1,02E-02 6,28E-04
2,70E-03 4,59E-03 4,99E-04 6,41E-03 5,04E-04 4,73E-03 5,56E-04 1,18E-02 2,90E-03
4,86E-03 4,29E-03 4,90E-04 6,77E-03 5,17E-04 5,23E-03 6,00E-04 1,01E-02 4,84E-04
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SSR/SSW: Upper part: Tally 404, 414, 424, 434 (neutrons) (second part)

Tally 404 Tally 414 \ Tally 424 \ Tally 434
Normalized Values [a.u]

Upper bin Value o Value o Value o Value o
8,73E-03 3,88E-03 5,56E-04 6,12E-03 3,74E-04 5,72E-03 1,13E-03 8,82E-03 4,75E-04
1,57E-02 2,60E-03 2,99E-04 5,64E-03 3,01E-04 3,52E-03 4,87E-04 8,75E-03 4,33E-04
2,82E-02 2,13E-03 2,98E-04 5,93E-03 2,58E-03 3,05E-03 6,00E-04 4,84E-03 3,22E-04
5,08E-02 1,73E-03 3,07E-04 2,18E-03 3,53E-04 3,89E-03 2,71E-03 4,72E-03 213E-03
9,14E-02 1,01E-03 1,86E-04 2,12E-03 1,73E-04 5,30E-03 3,76E-03 4,64E-03 1,09E-03
1,64E-01 1,15E-03 4,22E-04 1,80E-03 2,16E-04 9,83E-04 3,44E-04 2,75E-03 2,41E-04
2,96E-01 3,50E-04 9,84E-05 7,54E-04 1,01E-04 3,65E-04 1,04E-04 1,50E-03 1,53E-04
5,31E-01 1,12E-04 5,83E-05 1,59E-04 3,61E-05 4,68E-05 2,67E-05 3,10E-04 6,12E-05
9,56E-01 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | O,00E+00 0,00E+00 1,07E-05 1,07E-05
1,72E+00 | O,00E+0O0 0,00E+00 | 0,00E+00 0,00E+00 | O,00E+0O0 0,00E+00 | 0,00E+00 0,00E+00

3,09E+00 | O0,00E+00 0,00E+00 | O,00E+O0 0,00E+00 | O0,00E+00 O0,00E+00 | O0,00E+O0 0,00E+00
5,56E+00 | 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | 0,00E+00 O0,00E+00 | O,00E+00 0,00E+00
1,00E+01 0,00E+00 O0,00E+00 | 0,00E+O0 0,00E+00 | 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00

total 1,00E+00 7,78E-02 1,00E+00 1,16E-01 1,00E+00 5,69E-02 1,00E+00 2,54E-02
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SSR/SSW: Upper part: Tally 444, 454 (neutrons) (first part)

Tally 444 \ Tally 454
Normalized Values [a.u]

Upper bin Value o Value o
1,00E-12 0,00E+00 O0,00E+0O0 | O,00E+O0 0,00E+00
1,80E-12 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00
3,23E-12 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00
5,82E-12 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00
1,05E-11 0,00E+00 O0,00E+0O0 | O,00E+O0 0,00E+00
1,88E-11 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00
3,38E-11 0,00E+00 O0,00E+0O0 | O,00E+O0 0,00E+00
6,09E-11 0,00E+00 0,00E+00 | O,00E+O0 0,00E+00
1,09E-10 0,00E+00 O0,00E+0O0 | O,00E+O0 0,00E+00
1,97E-10 3,76E-03 3,73E-03 6,80E-06 6,80E-06
3,54E-10 0,00E+00 O0,00E+00 | 4,62E-05 3,47E-05
6,37E-10 2,05E-04 1,33E-04 2,86E-05 1,56E-05
1,15E-09 4,45E-04 1,18E-04 6,47E-04 3,84E-04
2,06E-09 1,00E-03 2,17E-04 9,72E-04 1,78E-04
3,70E-09 3,17E-03 4,45E-04 2,80E-03 3,14E-04
6,66E-09 9,81E-03 1,12E-03 6,53E-03 5,59E-04
1,20E-08 2,70E-02 2,15E-03 2,95E-02 6,93E-03
2,15E-08 7,71E-02 8,36E-03 5,75E-02 3,32E-03
3,87E-08 1,53E-01 2,40E-02 1,17E-01 7,25E-03
6,97E-08 2,26E-01 3,06E-02 1,86E-01 1,69E-02
1,25E-07 1,38E-01 6,58E-03 1,24E-01 6,10E-03
2,25E-07 6,31E-02 6,19E-03 6,84E-02 8,50E-03
4,05E-07 3,24E-02 3,46E-03 3,02E-02 1,43E-03
7,29E-07 2,48E-02 1,66E-03 3,21E-02 1,59E-03
1,31E-06 2,67E-02 3,03E-03 3,68E-02 1,81E-03
2,36E-06 3,80E-02 1,40E-02 4,39E-02 8,31E-03
4,24E-06 2,58E-02 2,22E-03 3,43E-02 1,72E-03
7,63E-06 1,72E-02 1,09E-03 2,99E-02 1,22E-03
1,37E-05 1,93E-02 1,76E-03 2,68E-02 1,21E-03
2,47E-05 1,59E-02 1,56E-03 2,47E-02 1,35E-03
4,44E-05 1,53E-02 1,54E-03 1,95E-02 9,24E-04
7,98E-05 1,07E-02 8,61E-04 1,66E-02 9,01E-04
1,44E-04 1,03E-02 1,06E-03 1,41E-02 7,41E-04
2,58E-04 8,34E-03 1,J0E-03 1,73E-02 6,31E-03
4,64E-04 7,43E-03 1,13E-03 8,53E-03 4,99E-04
8,35E-04 5,43E-03 5,63E-04 1,00E-02 5,65E-04
1,50E-03 6,77E-03 6,74E-04 9,36E-03 5,16E-04
2,70E-03 5,85E-03 8,09E-04 8,33E-03 718E-04
4,86E-03 6,15E-03 9,21E-04 8,35E-03 5,27E-04
8,73E-03 6,01E-03 1,08E-03 8,48E-03 6,83E-04
1,57E-02 7,77E-03 3,87E-03 1,32E-02 5,03E-03
2,82E-02 1,78E-03 2,69E-04 5,18E-03 5,28E-04
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SSR/SSW: Upper partTally 444, 454 (neutrons) (second part)

Tally 444 \ Tally 454
Normalized Values [a.u]

Upper bin Value o Value o
5,08E-02 3,22E-03 2,24E-03 2,72E-03 3,00E-04
9,14E-02 1,03E-03 2,99E-04 2,88E-03 2,65E-04
1,64E-01 7,63E-04 1,67E-04 2,59E-03 2,73E-04
2,96E-01 4,96E-04 1,78E-04 1,05E-03 1,46E-04
5,31E-01 4,74E-05 2,81E-05 4,55E-04 1,18E-04
9,56E-01 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00
1,72E+00 | O,00E+O0 0,00E+00 | O,00E+00 0,00E+00

3,09E+00 | O,00E+00 O,00E+00 | 0,00E+O0 0,00E+00
5,56E+00 | 0,00E+00 0,00E+00 | 0,00E+00 0,00E+00
1,00E+01 0,00E+00 O0,00E+00 | O,00E+O0 0,00E+00

total 1,00E+00 5,14E-02 1,00E+00 3,35E-02
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SSR/SSW: Lower part (neutrons) (first part)

Tally 464 | Tally 474 \ Tally 484
Normalized Values [a.u]

Upper bin Value o Value o Value o
1,00E-12 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | 0O,00E+00 0,00E+00
1,80E-12 0,00E+00 O0,00E+00 | O0,00E+0O0 0,00E+00 | 0,00E+00 0,00E+00
3,23E-12 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | 0O,00E+00 0,00E+00
5,82E-12 0,00E+00 O0,00E+00 | O0,00E+0O0 0,00E+00 | 0,00E+00 0,00E+00
1,05E-11 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | 0O,00E+00 0,00E+00
1,88E-11 0,00E+00 O0,00E+00 | O0,00E+O00 0,00E+00 | 0,00E+00 0,00E+00
3,38E-11 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | 0O,00E+00 0,00E+00
6,09E-11 0,00E+00 O0,00E+00 | O0,00E+00 0,00E+00 | 0,00E+00 0,00E+00
1,09E-10 0,00E+00 0,00E+00 | O0,00E+O0 0,00E+00 | O,00E+00 0,00E+00
1,97E-10 4,11E-05 2,12E-05 4,25E-06 3,25E-06 9,27E-06 9,27E-06
3,54E-10 2,85E-05 1,39E-05 2,55E-05 1,20E-05 3,12E-05 1,38E-05
6,37E-10 1,50E-04 3,36E-05 6,97E-05 1,85E-05 8,05E-05 1,96E-05
1,15E-09 4,73E-04 7,77E-05 1,94E-04 3,42E-05 2,63E-04 4,00E-05
2,06E-09 1,43E-03 1,27E-04 8,30E-04 8,29E-05 7,50E-04 6,97E-05
3,70E-09 416E-03 2,16E-04 2,05E-03 1,11E-04 2,43E-03 1,38E-04
6,66E-09 1,17E-02 3,74E-04 7,22E-03 2,85E-04 7,08E-03 2,38E-04
1,20E-08 3,41E-02 6,99E-04 1,93E-02 4,90E-04 2,16E-02 6,99E-04
2,15E-08 8,22E-02 1,31E-03 4,99E-02 1,09E-03 5,22E-02 1,11E-03
3,87E-08 1,58E-01 2,15E-03 9,78E-02 1,90E-03 1,06E-01 2,14E-03
6,97E-08 2,15E-01 2,84E-03 1,35E-01 2,54E-03 1,44E-01 2,88E-03
1,25E-07 1,59E-01 2,19E-03 1,04E-01 2,07E-03 1,13E-01 2,35E-03
2,25E-07 5,94E-02 1,07E-03 4,84E-02 1,13E-03 5,08E-02 1,18E-03
4,05E-07 3,04E-02 7,43E-04 3,65E-02 1,01E-03 3,54E-02 9,50E-04
7,29E-07 2,89E-02 7,54E-04 4,04E-02 1,19E-03 3,74E-02 1,05E-03
1,31E-06 2,78E-02 7,49E-04 4,49E-02 1,29E-03 4,29E-02 1,30E-03
2,36E-06 2,62E-02 7,43E-04 4,64E-02 1,44E-03 4,45E-02 1,35E-03
4,24E-06 2,49E-02 7,41E-04 4,76E-02 1,65E-03 4,32E-02 1,46E-03
7,63E-06 2,20E-02 6,92E-04 4,32E-02 1,63E-03 412E-02 1,52E-03
1,37E-05 1,95E-02 7,06E-04 3,83E-02 1,54E-03 3,58E-02 1,41E-03
2,47E-05 1,69E-02 6,15E-04 3,47E-02 1,57E-03 3,41E-02 1,48E-03
4,44E-05 1,51E-02 6,44E-04 2,94E-02 1,42E-03 2,95E-02 1,46E-03
7,98E-05 1,19E-02 5,26E-04 2,51E-02 1,38E-03 2,49E-02 1,27E-03
1,44E-04 8,50E-03 4,33E-04 2,08E-02 1,24E-03 2,07E-02 1,22E-03
2,58E-04 715E-03 3,90E-04 1,56E-02 9,80E-04 1,55E-02 9,70E-04
4,64E-04 5,42E-03 3,24E-04 1,00E-02 7,00E-04 1,06E-02 714E-04
8,35E-04 5,55E-03 3,33E-04 1,45E-02 1,07E-03 1,39E-02 9,58E-04
1,50E-03 5,24E-03 3,34E-04 1,21E-02 9,63E-04 1,18E-02 8,79E-04
2,70E-03 4,32E-03 2,91E-04 9,29E-03 8,46E-04 8,70E-03 7,44E-04
4,86E-03 3,63E-03 3,00E-04 1,23E-02 1,31E-03 1,05E-02 9,50E-04
8,73E-03 3,09E-03 2,45E-04 1,27E-02 1,39E-03 9,80E-03 9,87E-04
1,57E-02 2,94E-03 2,33E-04 1,40E-02 1,69E-03 1,11E-02 1,34E-03

10




SSR/SSW: Lower part (neutrons) (second part)

Tally 464 | Tally 474 \ Tally 484
Normalized Values [a.u]
Upper bin Value o Value o Value o

2,82E-02 1,98E-03 2,83E-04 9,48E-03 1,51E-03 7,53E-03 1,01E-03
5,08E-02 9,54E-04 1,39E-04 3,82E-03 6,92E-04 3,28E-03 5,31E-04
9,14E-02 9,06E-04 1,31E-04 6,33E-03 1,13E-03 3,70E-03 5,85E-04

1,64E-01 1,07E-03 3,83E-04 5,20E-03 9,25E-04 3,86E-03 6,24E-04

2,96E-01 3,72E-04 9,04E-05 1,82E-03 3,89E-04 1,90E-03 3,69E-04
5,31E-01 1,05E-04 4,25E-05 6,01E-04 1,99E-04 5,00E-04  1,50E-04
9,56E-01 | 0,00E+00 0O,00E+00 | 2,36E-05 2,36E-05 | 0,00E+00 0,00E+00
1,72E+00 | O,00E+00 O,00E+00 | O,00E+00 O,00E+00 | O,00E+00 0,00E+00
3,09E+00 | 0,00E+00 0,00E+00 | 0,00E+00 0,00E+00 | 0,00E+00 0,00E+00
5,56E+00 | O,00E+00 O,00E+00 | O,00E+00 O,00E+00 | O,00E+00 0,00E+00
1,00E+01 | O,00E+O00 0,00E+00 | O,00E+O0 O,00E+00 | O,00E+00 0,00E+00
total 1,00E+00  1,24E-02 1,00E+00  2,61E-02 1,00E+00  2,54E-02

Finally, the following table expresses the automatically determined data by the TopMc
processor. Since the exact dimension of the slab under study cannot be disclosed, the
depth would be expressed as a fraction of the total length "L”.

SDEF: Shortest path through lead (photons) (second part)
Tally 104

Depth | Dose [Gr/h] o

0 1,20E+03 1,74E+01
1710 L 4,15E+00 0,139090267
2/10 L 3,48E-02 0,00151842
3/10 L 3,12E-04 1,63847E-05
4/10 L 2,99E-06 1,72102E-07
5/10 L 2,97E-08 1,71511E-09
6/10 L 3,19E-10 1,8628E-11
7/10 L 3,46E-12 2,31432E-13
8/10 L 3,38E-14 2,14437E-15
9/10 L 4,38E-16 3,13155E-17

L 2,78E-16 2,00167E-17

m
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