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Abstract

This thesis was written in collaboration with Saltfoss Energy and investigates the feasibility of
implementing a neutron detection system in the out-of-core regions of a loop-type molten salt
reactor design. A qualitative assessment of commercially available detectors was first performed,
highlighting their limitations. Most full-power and intermediate-range neutron detectors have a
flux limit of approximately 10° n/cm?s, although exceptions exist. Full-power detectors generally
do not require gamma compensation, while intermediate detectors do. Suitable technologies
include both 1°B-based and fission-based detectors, each with specific trade-offs.

To evaluate detector performance and shielding requirements, reactor simulations were con-
ducted using OpenMC with a simplified core and detector model. At full power, the neutron flux
at the mid-plane of the vessel core edge reached 2.75 x 101° n/cm?s, slightly exceeding the de-
tector limit. Various shielding materials were tested to reduce the flux: 5 cm of water or 10 cm of
concrete were found effective and are materials readily available for use. Photon shielding using
10 cm of lead or steel could also be used to limit photon flux but is not strictly necessary to remain
within photon flux limits.

Additionally, neutron detection was assessed in other parts of the primary circuit using a pipe
geometry with depleted fuel. It was found that detectors placed around the pipe could measure
neutron fluxes several orders of magnitude above core-induced noise, enabling potential neutron
monitoring beyond the reactor core without the use of additional shielding.

These findings suggest that with appropriate shielding, either using local shielding or making use
of the primary shield, neutron detectors can be reliably deployed in external regions of a molten
salt reactor.



Popularvetenskaplig
sammanfattning

Syftet med detta arbete har varit att undersoka mdojligheterna till neutronmonitorering i
narheten av en karnkraftsreaktor. Karnkraft genererar energi genom fissionsreaktioner,
dar tunga atomkarnor Klyvs till mindre fragment, vilket frigor stora méngder energi.
Dessa reaktioner drivs av neutroner, vilket innebdr att neutronantalet i reaktorn &r di-
rekt kopplat till den energi som produceras. Det ar darfor en viktig driftparameter att
kontinuerligt 6vervaka neutronflodet i reaktorn.

Reaktorhérden &r dock en extremt radioaktiv och het miljo, dér elektronik och sensorer
har begrénsad livslangd. For att undvika dessa problem anvands ofta neutrondetektorer
utanfor harden, alltsa utanfor den innesluting dar fission sker, och pa sa satt skyddas
detektorerna och kan fungera under langre tid. Genom att mata neutronlackaget fran
reaktorn kan man fa en god indikation pa den momentana effekten, vilket &r centralt
bade for effektiv drift och for reaktorns sakerhet.

Det finns manga typer av neutrondetektorer pa marknaden, men gemensamt fér dem
alla &r att neutroner maste interagera med materialet i detektorn genom en kérnreak-
tion for att kunna registreras. Detta arbete fokuserade pa tva typer: fissionsdetektorer,
som bygger pa fission, samt detektorer innehallande bor, som effektivt fangar in lagen-
ergineutroner (dven kallade termiska neutroner). | den reaktortyp som undersoks har ar
det just dessa termiska neutroner som driver fissionsprocessen och &r alltsa extra viktiga
att studera.

For att kunna utvardera l&mpliga detektionssystem genomfordes simuleringar av reak-
tormiljon. En viktig insikt var att neutronflédet utanfor harden Gverskred mattnads-
gransen for manga kommersiella detektorer, vilket kan leda till minskad noggrannhet.
Darfor studerades daven mojligheter att skydda detektorerna med barridrer. Simuleringarna
visade att traditionella neutronmoderatorer som betong och vatten var mycket effektiva
dven i detta sammanhang. Eftersom fissionsreaktioner ocksa genererar fotoner (ener-
getiska ljuspartiklar), undersoktes om dessa kunde paverka detektorns respons. Resul-
tatet visade att fotonernas antal var relativt Iagt och att deras paverkan enkelt kunde
reduceras med nagra centimeter bly eller stal.

Neutroner skapas dels direkt vid fissionségonblicket, andra bildas senare i samband



med att de mindre atomfragmenten sonderfaller. | och med att brénslet ar flytande
transporteras dessa fordrdjda neutroner runt i reaktorsystemet. Darfér analyserades
mojligheten att rikta neutrondetektorer mot andra delar av reaktorsystemet, exempelvis
transportror, for att mata neutronflédet dér. Det visade sig att detta &r genomforbart,
sa lange detektorn placeras pa den sida av roret som &r langst bort fran harden, for att
undvika stérningar fran det dominerande neutronflodet darifran.
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Chapter 1

Introduction

As the global demand for clean, sustainable energy continues to rise, nuclear power
IS once again gaining attention as a viable solution. Among the advanced Generation
IV reactor designs, the molten salt reactor (MSR) stands out as a promising contender,
with a successful proof of concept in the form of the Molten Salt Reactor Experiment
(MSRE) at Oak Ridge National Laboratory [1].

One of the critical components in ensuring safe and ef cient reactor operation is a robust
instrumentation and control (1&C) system, of which neutron detection plays an impor-
tant role. Since neutron population is directly correlated with a reactor's thermal power,
neutron measurements can measure the power level in real-time. This rapid feedback
is especially vital when neutron sensors are integrated into safety systems. Neutron
monitoring can be performed either in-core, or out-of-core. The in-core measurements
are much more accurate and can be used to create detailed ux mappings of the entire
reactor core, but detectors in these conditions must endure very high temperatures and
radiation, typically resulting in very short lifetimes for these detectors. Most in-core
measurements are therefore done on a weekly or monthly basis. Instead, some sensors
are placed ex-core, either within or outside of the pressure vessel containment, where
the conditions are less harsh. The size restrictions for these detectors are also not as
strict [2]. The improved safety features of an MSR include having the fuel in an al-
ready molten state, meaning MSRs cannot undergo a traditional meltdown with loss of
cooling, as there is no solid fuel to melt down. Additionally, in the event of overheat-
ing or loss of power, a freeze plug at the bottom of the reactor vessel melts, allowing
the molten fuel to drain passively into subcritical, passively cooled drain tanks. This
inherent safety mechanism prevents overheating and ensures the reactor safely shuts
down without the need for active intervention. The low-pressure operation of the re-
actor also reduces the risk of pressure-driven failures, while the negative temperature
coef cient of reactivity provides a self-regulating response to temperature increases,
further enhancing safety and stability.
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1.1 Project goals

This thesis investigates the potential and design considerations for an ex-core neutron
detection system tailored to a molten salt small modular reactor (SMR) under devel-
opment. The study will combine qualitative analysis, exploring existing detector tech-
nologies and their applications in current nuclear facilities, with quantitative simulation
work to assess the behavior and challenges of the reactor environment. While detectors
used for all ranges of operation will be discussed, simulations and the following dis-
cussions will be focused on full power operation. The shielding materials to be tested
include concrete, lead, steel, water, air, and polyethylene, as each offers certain advan-
tages.

The central questions this thesis seeks to answer are:

1. What neutron detectors are available on the market, how are they implemented in
current reactors, and what shielding strategies are used?

2. What limiting conditions must be met to ensure the longevity of ex-core detectors
within the reactor system operating at full power?

3. What do the ex-core neutron and gamma ux pro les look like? To what extent
is shielding necessary to meet operational requirements?

4. What detection ef ciency can be expected from ex-core neutron sensors?

5. Can neutron detection be effectively applied to other parts of the primary fuel
loop?

1.1.1 OQutline

The introductory chapter provides an overview of MSR technology, with a specic
focus on Saltfoss's Compact Molten Salt Reactor (CMSR), establishing a foundation
for the rest of the thesis and fostering understanding of the unique characteristics and
challenges of MSR design. Chapter 2 examines the most common types of neutron
detectors, their historical and current applications, and their relevance to the CMSR.
This chapter also includes a literature review to identify relevant detection limits for the
subsequent simulations and addresses the rst two thesis questions. Chapter 3 offers
background on Monte Carlo techniques, providing the reader with a solid understanding
of the computational methods employed. Chapter 4 details the simulation setup and
methodology used to address the nal three problem statements. Finally, Chapters 5 and
6 present the simulation results and discuss how they relate to the previously identi ed
detection limits, as well as their potential implications for system design.
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1.2 Molten salt reactors

MSRs are one of the chosen technologies within the Generation IV reactor designs,
which aim to offer advancements in both safety and ef ciency. While the concept of
MSRs is not new, research reactors utilizing molten salt were developed in the mid-20th
century. Modern MSRs are gaining renewed attention with China currently operating a
thorium-based pilot reactor, and numerous companies and institutions developing their
own designs [3].

MSRs are a type of nuclear reactor in which the primary coolant and/or fuel consists of a
mixture of ssile material and molten salt. This design offers several safety advantages.
Because the fuel is already in a molten state, the risk of a nuclear meltdown is effectively
eliminated. In emergency situations, MSRs are designed to passively drain the fuel
from the core into drain tanks, where it solidi es, becomes subcritical, meaning that
the nuclear chain reaction stops because the con guration no longer supports sustained
ssion, and can be cooled passively. Unlike solid-fuel reactors, where hydrogen buildup
due to zirconium oxidation of the fuel cladding is a signi cant safety concern, MSRs
do not face this issue. Additionally, MSRs can operate at nearly atmospheric pressure,
eliminating the need for high-cost pressure vessels and containment structures. Another
advantage is the ability to extract gaseous ssion products, such as xenon, as they bubble
out of the molten salt, preventing an increase in containment pressure, improving fuel
performance, and resulting in a smaller inventory. MSRs also operate at signi cantly
higher temperatures than conventional reactors, which translates into improved thermal
ef ciency for electricity generation [4].

On the other hand, MSRs face several challenges that must be addressed before they can
become a viable alternative to conventional nuclear reactors. One such challenge is cor-
rosion. The combination of molten salt and high operating temperatures increases the
risk of oxidation for many reactor components and structural materials [1]. Addition-
ally, neutron radiation can signi cantly affect the structural integrity of materials over
time, further complicating design considerations. Since MSRs are not yet commercially
available, regulatory frameworks for their safe operation will require extensive devel-
opment. Another key challenge in regards to neutron detection is that the fuel circulates
with the coolant, meaning that the entire primary loop, not just the core, will be exposed
to neutron radiation. This necessitates the implementation of ex-core neutron monitor-
ing systems in various parts of the reactor containment to monitor reactor performance
and detection of salt leaks. The circulation of the fuel also means some delayed neu-
trons will be emitted outside the core, leading to a lowgy , i.e the effective delayed
neutron fraction, which in turn lowers the limit for prompt criticality and can cause
sudden reactivity spikes if the fuel circulation stops.

A molten salt reactor typically consists of a primary loop in which the fuel and molten
salt circulate. The fuel-salt mixture is introduced into the core, where ssion reac-
tions occur. These reactions generate heat, which is carried away by the circulating
fuel-salt mixture. The heat is then extracted through a heat exchanger, which drives a
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turbine. Afterward, the spent fuel salt mixture is separated. The fuel salt mixture is
reprocessed, removing reactor poisons and other by-products such as transmuted minor
actinides, and can be combined with fresh fuel before being reintroduced into the core,
making ‘on-line’ continuous fuel insertion possible, though this step is not included in
the CMSR design due to safeguard concerns. The power output of the reactor can be
controlled using control rods [5].

1.2.1 Saltfoss's CMSR design

Saltfoss is developing a molten salt reactor, the CMSR, made to be placed on a barge.
The barges are scalable with options ranging from 200 MWe to 800 MWe, where the
total operating life for the barge will be 24 years [5]. Details on the CMSR can be found
in Tab. 1.1. The general layout is illustrated in Figure 1.1, showing key components
such as the 1. reactor core vessel, 2. transport piping, 3. drain tanks positioned at
the bottom for passive fuel cooling in emergency scenarios, and 4. a side-mounted heat
exchanger. Not pictured are the top-mounted control rods. The human is drawn roughly
to scale to indicate size of the design. In this thesis special emphasis will be placed on
ex-core monitoring outside the core and the transport piping.

Figure 1.1: The general design of the CMSR (provided by Saltfoss), human
adapted roughly to show scale.

The CMSR employs a single-loop design for the circulating fuel, utilizing molten salt
as both fuel and primary coolant. Owing to the salt's low melting point, the system
can operate at near-atmospheric pressure, with pump pressure only increased slightly
to ensure adequate fuel circulation. Thermal energy generated in the reactor core is
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transported by the fuel salt through the primary loop to an intermediate heat exchanger.
There, the heat is transferred to a secondary circuit, which in turn couples to a tertiary
circuit responsible for driving a steam generator [5].

Reactivity in the CMSR is controlled through a combination of control rods, passive fuel
salt draining, and inherent negative temperature coef cients. The control rods, housed
in metallic guide tubes extending from the top to the bottom of the reactor core, are used
for short-term adjustments to reactivity during normal operation. In contrast, safety rods
are designed for rapid insertion to shut down the ssion reaction in emergency situations
and are not typically used for routine reactivity control.

Table 1.1: Some speci cs about the Saltfoss CMSR [5].

Thermal power [MW] 250

Fuel Low enriched uranium (LEU)
Coolant Fluoride fuel salt
Moderator Graphite
Operating pressure (primary loop) [MPa] 0.45

Operating temperature (primary loop) [ C] 600

Design life [years] 12

The simpli ed approximation of the reactor geometry used in this project is illus-
trated in Fig. 1.2 and 1.3, with corresponding dimensional speci cations provided in
Table A.3. The reactor core consists of a lattice array of fuel channels embedded
within graphite moderator blocks, with helium used to Il voids between the graphite
cells, which form due to assembly tolerances, thermal effects, and radiation contraction.
Molten salt fuel circulates through these channels, transporting the thermal energy gen-
erated by ssion. Surrounding the core is a 50 cm thick graphite re ector, followed by

a steel barrel, a downcomer region, and nally, an outer steel containment vessel. The
CMSR incorporates a primary water shield surrounding the reactor compartment to at-
tenuate neutron and gamma radiation. For the simpli ed model in this thesis, plenum
structures, control rods, instrumentation, and other internal reactor components located
above and below the active core are not included. The exclusion of these features may
lead to an underestimation of neutron re ection in the axial direction and increased
neutron leakage, thereby affecting the accuracy of power distribution and neutron ux
pro les. To mitigate these effects, the analysis in this thesis focuses on the mid-plane
of the core, where axial leakage and boundary effects are minimized, providing a more
representative assessment of the core's neutronic behavior.

Graphite is employed as the neutron moderator due to its excellent neutron moderation
characteristics and high-temperature resilience. However, it is susceptible to radiation-
induced embrittlement, which may lead to dimensional changes, swelling, and cracking
over prolonged neutron irradiation, potentially compromising structural integrity [1].
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Figure 1.2: The reactor core geometry from a top-down view.

Figure 1.3: The reactor core geometry from a side view.
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Chapter 2

Neutron detection principles

This chapter aims to provide a coherent overview of neutron detection, its role in nu-
clear applications, the in uence of shielding on detector performance. It also reviews
commercially available neutron detectors, outlining their operating principles and lim-
itations. Special emphasis is placed on the use of these detectors in the MSRE and the
more contemporary AP1000 reactor design. Although the AP1000 is a pressurized wa-
ter reactor (PWR), it serves as a useful modern reference point, as its neutron monitor-
ing system represents current design standards. Since ex-core neutron detection largely
depends on the leakage neutron ux outside the core, rather than the speci c details of
the internal reactor physics, comparisons across different reactor types are both relevant
and valuable. For this reason, the well-documented AP1000 provides insight into what
a modern neutron monitoring system might look like in today's designs, including for
MSRs. Furthermore, to document the closest historical analog to the CMSR, additional
insight is provided into the detection system used in the MSRE.

2.1 Radiation metrics

Before delving into the speci cs of neutron monitoring, it is essential to establish the
key concepts and terminology that characterize radiation intensity. If we want to de-
scribe the distribution of particles in a medium, we need a number of parameters, such
as the space coordinatgparticle energy, the directional motion during timet [6].

With this we can de ne the particle angular densityr; E; ;t). The angular depen-

dent density can be integrated over all angular directions to nd the energy-dependent
particle density:

n(r;E;t) = n(r;E; ;t)d (2.1)
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In turn, the uxis de ned as the product of the particle density and the particle velocity:

(r;E;t)=v n(r;E;t) (2.2)

This scalar ux is integrated over direction and is thus independent of angular distribu-
tion with units of particles(cn? s eV). In some contexts, especially when energy is not
resolved, it may be simpli ed and expressed in units of partidles? s), sometimes
denoted as nv due to the fact that the ux is the product of the particle density and ve-
locity. The neutron uence is, in turn, just the time-integrated neutron ux, with the
unit n/cn?, which can be denoted nvt.

In the case where we are interested in the direction of the particles, the term current
needs to be introduced. The number of particles moving in the direction of unit vector
with energyE passing through a surface segmégtin a small time interval is given

by:

v n(r;E;t)] njdS (2.3)

wheren de nes the unit normal vector which is perpendicular to the surface segment
dS atr. If we next specify that one side ofis positive; '+', and the other negative; *
it is possible to de ne that the particles moving from the negative to the positive side is:

z Z

J*dS=dS j njvn(r;E;t)d = dS i nj (r;E;t)d (2.4)
( n)>0 ( n)>0

And in the same veid
Z
J =dS j nj (r;E;t)d (2.5)

( ;n)<0

These represent the partial currents. The total current, or the net current passing through
dS per unit time is simply the difference between the two, and has the unit of n/s:

J(r:E)dS=(J* J )dS (2.6)
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2.2 Neutron detectors

Since neutrons have no electric charge, they cannot be detected directly. Instead, they
must undergo a nuclear reaction to generate an electric pulse that can be measured and
converted into more useful information, such as ux. For thermal neutrons, the most
common interaction with matter is elastic scattering; however, due to their low kinetic
energy, only a small amount of energy is transferred, making this method unsuitable for
detection. One of the most common methods involves nuclear reaction$®jjthihich

has a high absorption cross-section for thermal neutrons, as seen in Fig. 2.1. Another
widely used approach is ssion-based neutron detectors [2]. These detection methods
will be discussed in more detail below.

A key factor to consider in a detector is the inherent dead-time. In high- ux envi-
ronments, detectors can become saturated, meaning the time between recorded counts
where the detector is busy, dead-time, affects detection ef ciency. This issue is par-
ticularly signi cant when operating the detector in pulse mode, where each incoming
neutron generates a distinct pulse. Since the detector can only register one neutron at
a time in this mode, dead-time can limit its accuracy in high- ux conditions. To miti-
gate this, neutron detectors in intermediate or high- ux areas are typically operated in
current mode. In this mode, the detector continuously generates a current in response
to incoming neutrons, with all contributions summed to produce a net current that cor-
responds to neutron ux. This method effectively eliminates dead-time limitations, but

it also removes certain details about the neutrons, such as their energy. Though in nu-
clear applications, proportional mode detectors are typically not used for neutron energy
analysis regardless. Additionally, current mode removes the ability to discriminate be-
tween neutrons and photons, which must be addressed through careful design choices
or by using current subtraction techniques [2].

The sensitivity of a neutron detector refers to its current/count output relative to the
neutron ux. Over time, this sensitivity decreases, making it important to account for
detector aging to ensure accurate performance throughout its intended operational cy-
cle. For boron-based or ssion-based detectors, prolonged use depletes the activation
layers, meaning the material which go through the neutron detecting reaction, reducing
the detectors ability to detect neutrons. Additionally, electrical components such as the
anode and wiring degrade due to neutron exposure, further affecting performance [7].
Some detectors are listed in Tab. 2.1 to show different ux limits and response times.
Both of these characteristics are important to consider when designing the monitoring
system.
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Table 2.1: Examples of ex-core neutron detectors and their properties.

Type Range [nv] Sensitivity T[ C]
10B CIC/UIC [8][9] 10° 10 0.7 4.4 10 *[A/nv] <200
10B prop. counter [10] 01 3 10 45 15[cps/nv] <200
BF3 prop. counter [10] 022 7 10¢ 4,5 15[cps/nv] <200
Fission counter [10] 6.0 6.0 10 0:18 0:7[cps/nv] <200
108/ ssion chamber [11]| 25 1¢* 255 10°° | 1:4 35 10 #[A/nv] | 150/550

2.2.1 Common problems

A neutron detector consists of many components, and over time any of these parts, or
a combination of them, may develop faults. If issues arise in the neutron monitoring
system of a nuclear plant, it could even necessitate a reactor shutdown. To minimize
downtime, various strategies are employed to extend the detector's lifespan and ensure
accurate readings. A common approach is to use multiple independent channels and
multiple computers to process the same signal, allowing for cross-comparison to detect
inconsistencies. Additionally, alarm systems are in place to detect sudden signal or
voltage loss, and the design should be optimized to resist vibration damage [7].

When faults occur, they often stem from electrical breakdowns in the detector cham-
ber itself or the cables connecting it to the power supply and processing unit. Other
underlying issues, such as poor grounding, vibrations, external noise, or ampli er mal-
functions, can lead to noisy, weak, or even negative signals. The detector may also
struggle to maintain a stable polarizing voltage due to power supply failures, incorrect
settings, or faulty cable connections [7]. Moisture is another potential cause of fail-
ure, as was the case for multiple units in the MSRE [12], which were kept in a water
containment. As described in the operating report; for two runs, totaling about 144
days, 4 out of 8 detectors needed replacement. One ssion chamber failed because of
a short circuit, and the other three failed due to water penetrating protective layers of
the cabling. While the MSRE provides valuable historical insight, its design is several
decades old and may not fully re ect the types of issues that could arise with mod-
ern equipment and materials. However, its documented challenges, related to moisture
intrusion and detector failure, highlight the importance of anticipating environmental
stresses. In the MSRE, periodic replacement of neutron detectors was necessary dur-
ing normal operation, suggesting that modern reactors like the CMSR may also require
similar maintenance. This is especially relevant given that the primary shielding mate-
rial in the CMSR is water, which may require special precautions to ensure that detector
electronics remain isolated from moisture and protected against potential water ingress.

10
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2.2.2 Proportional counters

A proportional counter is commonly used in start-up operations [2]. The most widely
used type of proportional counter for nuclear applications is thedgak detector along
with the ssion counter [1]. The text here will focus on th&B-based proportional
counter, and ssion chambers will be described in the section below.

Due to the high absorption cross-section'®#, incoming neutrons interact with it to
produce alpha particles and lithium nuclei, as described in Eq. 2.7. These reaction prod-
ucts ionize the gas, creating free electrons and ions that subsequently cause secondary
ionization. This results in a large pulse of charged particles moving through the detec-
tor's electric eld after a neutron is absorbed. The pulse is then registered as a neutron
event. The size of the pulse is determined by two main factors. First, higher deposited
energy results in more primary ion pairs, leading to a greater number of avalanches.
Second, the operating voltage of the detector affects the recombination rate, with higher
voltages producing larger avalanches [2]. As shown in Fig. 2.1, the cross-section for
the (n; ) reaction is highest for thermal neutrons, makifi§ detectors particularly
effective in thermal spectrum reactors.

PB+n! fLi+ + (0.48MeV)+ 2.32MeV (94%) 2.7)
PB+n! ILi+ +279MeV (6%) '
Gamma rays from the reactor can also cause ionization within the detector. However,
the pulse shape generated by gamma rays is signi cantly different from that of neutron-

induced pulses. This makes it possible to discriminate between neutron and photon
events, allowing the detector to distinguish between the two types of radiation. Reduc-

ing the gas volume can further minimize photon interference, since a smaller gas mass
means fewer ionization events from photons [2].

11
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Figure 2.1: Cross section f¢n; ) reactions in'°B in the ENDF B-VIII.0
nuclear library at OK [13].

This type of detector is suitable for neutron uxes up to a fe®% cps before reaching
saturation [14]. At this point, the detector cannot process incoming events quickly
enough, resulting in dead time, where some neutron interactions go undetected.

The MSRE used a BFdetector channel during low-power operations, such as when
the reactor was half- lled or lled with ush salt, to establish con dence in the neutron
counting rate. Once a reliable count was con rmed by one or both wide-range detectors,
the BR; detector was retracted to protect it from prolonged radiation exposure. The
proportional counter used had a thermal neutron sensitivity of 14 cps/nv [15].

2.2.3 Fission chambers

Fission chamber neutron detectors are widely used in nuclear applications due to their
ability to operate across a broad range of neutron ux levels [2]. These detectors typ-
ically consist of a cylindrical chamber with a thin coating?éU applied to the inner
lining. When incoming neutrons interact with th&U layer, they induce ssion reac-
tions, producing ssion fragments that ionize the gas inside the chamber. This ioniza-
tion generates an electrical signal that can be processed to determine neutron ux levels.
These detectors have several advantages, such as the ability to detect neutron ux ac-
curately even at low intensities, and being relatively insensitive to gamma radiation. A
downside of ssion chambers are that the composition of the created ssion fragments
is unknown, meaning the shape of the produced signal may vary [2]. The penetration
distance of the ssile material is also very low, meaning the active layer must be kept
thin. This leads to a low detection ef ciency [1]. For ssion chambers it's also possible

to slow down the deterioration of the activity layer by the use of breeding.
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2.2.4 Boron ionization chambers

Another common detector type used in high neutron ux regions is the boron-based
ionization chamber. These chambers operate using the same nuclear reaction described
in Equation 2.7, but instead of having boron in gas form, they typically have a boron
coating on the insides of the detector. In contrast to the ssion chamber, this neutron
capture mechanism is a lot simpler and creates a much more predictable signal [2]. The
boron layer also typically depletes slower than &) of the ssion chamber. The

boron layer also provides a somewhat higher sensitivity. The boron-lined chamber op-
erates on a much lower applied voltage than the proportional counter, which in practice
means a neutron typically only produces one electron ion pair, instead of the earlier
mentioned avalanches of up to 1000 pairs.

Boron-lined ion chambers can be operated as either compensated or uncompensated
ion chambers, and most commonly in current mode [1]. A compensated ion chamber
(CIC) can differentiate between neutron and gamma ux. It achieves this by using
two separate chambers: one coated with boron, making it sensitive to neutrons, and the
other chamber wall left without boron, making it only sensitive to gamma radiation. The
net current is then determined by subtracting the current of the compensating chamber
from the active chamber. In nuclear operations, the compensated ion chamber is most
commonly used for intermediate range, while the uncompensated ion chamber (UIC)
can be used for full power detection where photon in uence on the detector is much
smaller than the neutron ux [2].

Figure 2.2: Example of a compensated ion chamber [14].

2.2.5 Other detectors

There are also a variety of other detectors used in different contexts, but these are not as
commonly employed in nuclear operations, particularly in ex-core monitoring. Some
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examples include self-powered neutron detectors (SPNDs), scintillators, and semicon-
ductor detectors. While these detectors are useful in speci ¢ scenarios, they each have
limitations that in the end make them unsuitable for ex-core neutron monitoring. SP-
NDs are frequently used in-core due to their ability to function without an external
power supply. They work by detecting neutrons through the ionization of materials
like cobalt or rhodium, which generate a small electrical current. While SPNDs are
guite common in nuclear reactors for in-core applications, they are not used for ex-core
monitoring due to their relatively low sensitivity to neutron ux and the complexity of
measuring their output accurately outside the core [2].

2.2.6 Electronics

The detector needs to be connected to both a signal processing unit and a (with the
exception of SPNDs) power unit. These connections are made with special cables, made
to resist both high temperature and radiation. Each detector assembly also typically
needs a preampli er, which can transform the generally weak signal from the detector
to a stronger one that can be transported and processed without getting washed out by
noise. The preampli er should be placed as close as possible to the detection chamber
to minimize noise distorting the signal before reaching the preampli er, but is also
typically much more sensitive to radiation, typically meaning a trade-off on the distance

is needed [16].

2.3 Detector range and placement

In nuclear operations, ex-core neutron monitoring is typically divided into three over-
lapping operating regimes to ensure accurate measurements across a wide range of neu-
tron ux levels. Because neutron ux leakage from the reactor spans several orders of
magnitude, detectors in each regime are not only of different types, but also differ in
characteristics such as physical size, the amount of sensitive material, and the signal
processing methods employed. Overlapping these regions with different detectors also
serves as a safety measure, helping to verify readings and provide redundancy.

The three most common monitoring regions are known as the source range, intermedi-
ate range, and power range. As an example, the monitoring system used in Westing-
house's AP1000 reactor follows this structure [14], with each range of operation shown
in Fig. 2.3. Although the AP1000 is a PWR, the underlying principles of ex-core neu-
tron monitoring are largely independent of the speci ¢ reactor type. As such, many of
the schemes used in today's light water reactors (LWRS) are expected to be applicable
to MSRs as well [1]. One notable difference, however, is that a PWR uses solid fuel
con ned to the reactor core, so ex-core monitoring is limited to the area immediately
outside the core. In contrast, an MSR features circulating liquid fuel, meaning ex-core
regions may include additional parts of the fuel loop where neutron leakage can also be
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monitored.

» Source range This range is used during start-up and shutdown when neutron
ux is low but gamma radiation is high. It covers intensities uplt# cps and
spans six decades in the AP1000. Source range detectors are usually placed in the
lower half of the core, where they are most sensitive to small changes in neutron
ux at low power levels, assuming control rod removal from the top of the core.
Proportional counters are typically used.

* Intermediate range: This range covers power levels from roughly 0% to 120%
of the reactor's operational output and detector output signals can span up to
eight decades in magnitud&éQ * 10 2 A), like in the case of the AP1000.
The detectors for this range are typically positioned around the midsection of the
core. Current mode is used, with either ssion chambers or compensated boron
chambers.

* Power range This mode monitors reactors running at expected power levels,
covering up to 120% of thermal power output. It spans three decades in magni-
tude for detector signal in the AP1000 and overlaps with the upper portion of the
intermediate range. Power range detectors are placed at both the top and bottom
of the core, with their readings combined to determine total power output. For
power range either ssion chambers, or uncompensated boron-lined chambers are
utilized.
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Figure 2.3: Operational ex-core neutron detection ranges for the
AP1000 [14].

This setup ensures accurate neutron ux monitoring across all reactor states, from start-
up to full-power operation, and beyond into accident conditions. The placement scheme
of the AP1000's detectors is shown in Fig. 2.4. The source range detectors are located
near the bottom of the core, where start-up activity is most prominent. Intermediate
range detectors are placed at mid-core height, while full-power detectors, approximately
1.8 meters in length, span both the upper and lower sections of the core to provide a
representative average signal [14]. Given that the AP1000 core has an active height
of about 4 meters, and the CMSR core is similarly extended to around 5 meters, a
comparable ex-core detector placement strategy could be adopted. This is particularly
appropriate since the CMSR's control rods are also inserted from the top, leading to
similar axial ux behavior during start-up and shutdown.
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Figure 2.4: Placement of the AP1000's ex-core neutron detectors, adapted
from Ref. [14].

2.3.1 Start-up

To start up areactor there must be an initial population of neutrons present in the system.
These neutrons can originate from a few different sources: spontaneous ssion, inherent
sources such as; n ) reactions, and external neutron sources. In the case of MSRs
using enriched uranium fuel, such as the CM$R) ) reactions are present. This is

due to the presence of U-234 in the uranium and uorine-19 in the salt, which together
generate neutrons vig n ) interactions. Unlike in LWRs, where spontaneous ssion
may dominate, this inherent source plays a larger role in MSRs and provides a baseline
neutron population from the outset.

One option to achieve criticality, i.e to reach a self-sustaining nuclear chain reaction,
is to remove control rods and rely on this inherent source to initiate a neutron chain
reaction. However, because the initial neutron count rate is low, this method is subject
to high statistical uncertainty. As a result, highly sensitive detectors are required, often
located close to, or even inside, the reactor core.

To supplement the inherent neutron source and improve signal quality, external neutron
sources are sometimes introduced during start-up. These can boost the count rate in
detectors, enabling more reliable monitoring of the reactor's approach to criticality. In
such cases, ex-core detectors placed near the vessel wall, close to the external source,
may seem advantageous because of the improved signal strength. However, care must
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be taken to ensure that these detectors measure the neutron multiplication, and thus the
reactivity of the system, rather than just the direct signal from the external source. This
distinction is essential for accurately assessing subcritical reactivity and achieving safe
and controlled start-up.

Although in-core detectors offer the best sensitivity during early start-up phases, their
long-term viability is limited due to the extreme conditions inside MSRs. For example,

in the MSRE, in-core instrumentation was not used at all [1]. One alternative is to use
retractable in-core detectors that can be inserted during start-up and withdrawn once the
reactor reaches higher power levels [14].

For the CMSR, a suitable con guration could involve a combination of retractable in-
core detectors used during early start-up and ex-core proportional counters positioned
near the reactor vessel wall. If start-up is achieved by removing control rods from the
top, the ex-core detectors should ideally be concentrated around the lower half of the
core, where neutron leakage is more likely to be detected during the initial multiplica-
tion phase.

2.3.2 Power production

During power production, the reactor operates in a critical state, vkth @alue close

to 1. Under these conditions, the neutron ux should remain relatively stable, with
minimal uctuations. The fuel salt circulates through the loop in such a way that the
readings from ex-core detectors are expected to stay approximately constant. Both tem-
perature and radiation levels are high during this phase, making ex-core detection the
preferred method. This is because neutron leakage serves as a reliable estimator of core
conditions, while the detectors and their electrical connections remain in a relatively
benign environment protected from the most intense conditions inside the core. The
location of ex-vessel detectors should not exceed temperatures o€200 sustained

use, as recommended in [1]. During full-power operation, neutron detection equipment
serves multiple purposes in an MSR, such as monitoring power level, safety interlocks,
and ux distribution. These applications are outlined in Tab. 2.2, along with their as-
sociated sensitivity and response time requirements, as speci ed in the ORNL MSR
report [1]:

Mapping the core ux distribution is only feasible using in-core detectors, as ex-core
detectors measure only neutron leakage and cannot provide a detailed pro le of the in-
ternal ux. Tab. 2.2 illustrates that neutron detection serves a wide variety of purposes,
and as such, the strategies employed for detection may vary depending on the applica-
tion. It should be noted that the higher ux values given in the table refer to in-core use
of the detectors, meaning an ex-core detector should see a number of magnitudes lower
ux. It may also be hard to get data that con rms the calculated core performance from
an ex-vessel sensor, as this location does not provide detailed spatial in-core informa-
tion. Although in-core monitoring is not necessitated due to safety reasons, the power
distribution in the core, together with temperature measurements, would be a good in-
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Table 2.2: Measurement requirements for neutron detectors in power range

for an MSR.
Purpose Range [n/cnts] Response time
Measure rapid power level chang¢ 10’ 10 1ms
Conrm calculated core perfor 16 109 10s
mance
Map core ux distribution (in-core) 10'° 104 100's
Indlcate_ fuel_, moderator, an 16 102 1s
coolant integrity
Identify Igose .parts and asse 16 109 100 s
structural integrity

dicator of moderator integrity. Changes in the core's power pro le could indicate salt
penetration into the graphite, due to alterations in the local fuel-to-moderator ratio.
This could be done using small power range detectors, either SPNDs or ion chambers.
As of 2018, no high-sensitivity neutron ux instrumentation capable of withstanding
temperatures around 600 °C was available commercially, which posed a signi cant lim-
itation for most MSRs. However, recent developments have led to the emergence of
high-temperature neutron detectors speci cally designed for Generation 1V reactors,
and some of these are now entering the market [11]. In these harsh conditions, gamma
ux detectors can also be used for measurements of reactor power above intermediate
range in-core, although this technology is not as readily available [1]. If possible to cool
the instrumentation penetrations, in-core monitoring could be more feasible. The com-
bination of both in-core and ex-core monitoring would offer the most complete view of
the reactor performance.

2.3.3 Delayed neutron detection

In MSRs the fuel is also the coolant, meaning delayed neutron precursors are trans-
ported with the owing salt and can leave the reactor core. This unique feature allows
delayed neutrons to be detected outside the core, enabling monitoring opportunities not
present in traditional solid-fuel reactors.

To understand how delayed neutron detection is used in nuclear systems, it is helpful to
look at other reactor types. For example, Sodium-Cooled Fast Reactors (SFRs) employ
delayed neutron detection systems primarily to monitor cladding integrity. In the event

of cladding failure, neutron-rich ssion products like iodine and bromine escape into
the coolant. A sample of the coolant is diverted into a detection chamber, referred to
as a precursor trap, where delayed neutron precursors decay and emit neutrons. These
neutrons are then measured by detectors sugH@esr BF; counters operating in pulse

or current mode. This method provides a sensitive and continuous indication of minor
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fuel breaches, enhancing reactor safety [17].

While cladding failure is not a relevant concern in MSRs, the principle of the pre-
cursor trap can be adapted to these reactors. Since delayed neutron precursors ow
with the fuel salt, detectors placed downstream for example, along heat exchangers, or
within transport piping, can monitor the delayed neutron emissions. Measuring these
emissions offers insights into fuel composition and power distribution within the core.
Furthermore, if the decay characteristics are well known, delayed neutron signals may
also provide information on salt ow rates.

Importantly, sudden increases or shifts in delayed neutron activity detected outside the
core can serve as early warnings for chemical anomalies, such as ssion product buildup
in speci ¢ parts of the system, or rapid power changes in the core. Thus, adapting the

delayed neutron detection concept to MSRs presents a valuable tool for real-time reactor
monitoring and safety.

2.4 Shielding

There are three main principles used in radiation protection in order to reduce doses;
time, distance, and shielding. For a neutron detector, it is most often stationary and
needs to constantly be in close quarters with the neutron source in order to deliver both
continuous and accurate readings. However, electronics are sensitive to radiation, and
therefore all neutron detectors on the market have a limit of the neutron range the de-
tector can accurately deliver within. It is therefore necessary to create an environment
around the detector that is suitable for neutron monitoring operations, meaning shield-
ing is usually required. Both the AP1000 and the MSRE feature shielding of the neu-
tron detectors. In the MSRE, the thermal shield, together with the water- lled chamber,
served as protection against radiation [16]. In some cases local shielding with cadmium
was also deployed. In the AP1000, the ex-core detectors are placed in instrument wells
within the primary concrete shield [14]. Therefore, one possibility in this project is to
place the detectors within the primary shield, which is to be of water. This saves on
material costs, as the shielding is already required. Otherwise, local shielding can also
be used, meaning just the detectors are wrapped up in or placed behind a smaller shield.
Combining both strategies could also be bene cial.

The neutron ux in a material is reduced due to interactions between neutrons and
the nuclei of the shielding material, primarily through scattering and absorption. This
attenuation can be approximated using the exponential attenuation law:

(xX)= o e~ (2.8)

where (x) is the neutron ux at a distance into the shielding material, ¢ is the
incident neutron ux at the surface of the shielding, in this case at the outer surface
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of the reactor vessel, andis the macroscopic cross-section of the shielding material,
accounting for both scattering and absorption. By selecting appropriate shielding ma-
terials (with high ) and increasing the distance between the neutron source and the
detector, it is possible to reduce the ux to within acceptable limits for the instrumenta-
tion.

As mentioned earlier, most neutron detectors used in nuclear power plant (NPP) ap-
plications are optimized for detecting thermal neutrons due to their higher interaction
cross-sections in this energy range. However, by the time neutrons reach detectors lo-
cated outside the reactor core, the ux of core-born thermal neutrons has signi cantly
diminished due to absorption and scattering. Therefore, one purpose of detector shield-
ing is to locally thermalize fast or epithermal neutrons that survive to the detector re-
gion. A good neutron thermalizer consists of atoms with low atomic mass, such as
hydrogen, since such atoms induce large energy losses per collision. This thermaliza-
tion increases the likelihood of neutron detection(ria ) or (n; ) reactions. Conse-
guently, hydrogen-rich materials like water or concrete are commonly used in shielding,
offering both effective moderation and cost-ef ciency [2].

Another objective of the shielding is to also reduce gamma ux in the detector since
photon interaction with the detector is not always negligible. Photons are created in
core, but also as neutrons are absorbed in shielding materials and when primary pho-
tons interact with the shielding. These photons can interact with the environment in
multiple ways: Compton scattering, Rayleigh scattering, via the photoelectric effect
or pair production [18]. Photons can travel far and are not as easily stopped by con-
crete or water, instead, they are absorbed by materials with high atom numbers, such
as lead or steel. In Tab. A.1 some half-value thickness values (or half-value layers)
are provided for different materials commonly used in radiation protection, where the
half-value thickness represents the length traveled in the material required to cut uxin
half.

2.5 Detection limits for this thesis

To accurately assess the necessary shielding and other design parameters, it is crucial
to establish the operational limits of neutron detectors intended for use in the power
range. As previously noted, most commercial detectors have an upper scalar ux limit
of approximatelyl 0 n=cm?=s, which will be adopted as the reference benchmark in
this thesis. Although some detectors can operate reliably at higher neutron uxes, their
degradation rates increase substantially under such conditions. Given the desire to min-
imize maintenance frequency and extend service life, it is therefore advantageous to de-
sign around lower ux levels. It should be noted that some manufacturers specify their
detector limits in terms of thermal neutron ux, while others refer to total (integrated)
ux across the entire energy spectrum. For consistency and simplicity, all neutron ux
values considered in this work will refer to the total ux integrated over the full energy
spectrum, and the upper limit @6'° n=cm?=swill be applied accordingly. This section
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will focus on motivating the values given in 2.3.

Table 2.3: Limits for an ex-core neutron detector [8, 9, 11, 14, 19].

Neutron ux 10'° n/cn?s
Neutron uence 10'° n/cn?
Photon ux 7 108 Jenfs
Photon dose 1 10° 41 1 Gy/h
Photon exposure 10° Gy
Current output <mA/s

2.5.1 Detector life-time

Although continuous operation over the entire 12-year reactor life cycle is an ideal sce-
nario, it is rather unlikely that the detectors will maintain full functionality for that
duration. Nevertheless, such longevity is desirable, as it would minimize maintenance
demands and enhance overall system reliability. Therefore, their neutron uence ex-
posure must be considered. Assuming an average ux of approximbEyn=cm?=s

over 12 years, the total accumulated uence is calculated as:

= tzlomcmzLS 12years 3:15 10’ s/year= 3:78 10'® nvt (2.9)

In regions with higher ux, such as the upper detection zone in an MSR where the ux
may reachl0'® n=cn?=s, the total uence becomes:

=10 13#3 12 315 10s/year= 3:78 102 nvt (2.10)

There are several detector types capable of withstanding lower neutron uence lev-
els [11], assuming regulatory approval permits their use for the full operational du-
ration. However, at the same time they are typically only certi ed for use of up to
ten years [11], and Ref. [1] also highlights that most MSRs intend to be operated for
much longer durations than an LWR without scheduled down-time, which may result
in components failing prematurely or in the least requiring on-line recalibration as the
instrumentation drifts. The total neutron uence will be keptl@® n/cn?, since this

was found to be a common limit.

2.5.2 Photon interference

From Ref. [11], limits for gamma dose are provided. For detectors composed of steel
and boron-coated materials, the upper gamma exposure limit is repofiedids R/h.
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To convert this into absorbed dose in steel, we start with the dose in dry air for 1 MeV
photons, where 1 R corresponds to approximately 0.00876 Gy [20]. This conversion
factor arises from the de nition of exposure and the ionization energy in dry air.

The absorbed dose in steel differs due to its higher density and atomic composition.
Using mass energy-absorption coef cients£ ) from NIST XCOM [21], we calcu-

late the ratio of energy absorption per unit mass between steel and air at 1 MeV photon
energy by substituting pure iron in the NIST library for steel, and dry air at sea level for
air. This ratio is given by:

(o= )sieel . 2:603 10 2

(o), 2789102 09

which means steel absorbs approximately 93% of the energy per unit mass compared
to air at this photon energy.

Therefore, the absorbed dose in steel per roentgen is:

Dstee1= 0:00876Gy/R  0:93 0:00815Gy/R

Multiplying by the dose limit in roentgen per hour gives the absorbed dose rate limit in
steel:

Deeet =5 1P R/ 0:00815Gy/R = 4075 Gy/h

Ref. [19] also states a photon dose limit, and directly in Gy/h, so no conversion is
necessary. This limit is 1000 Gy/h, or a total gamma uencé@fGy over the entire
operational lifetime. These numbers refer to absorbed dose in the connecting cabling
though, and will therefore still be an approximation of the dose limits in the actual
detector since the mass and material composition differ. These combined values will be
used as the gamma dose rate and uence threshold for photon interference.

The photon ux is also a limiting factor, which can be roughly estimated from a known
dose rate limit. If we assume a monoenergetic gamma spectrum at 1 MeV and homo-
geneous absorption in steel, let the dose rate be:

1000
Dyteer= 1000 Gy/h = WOOGWS 0:278Gyls

The photon ux can then be estimated using the relation [2]:
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E ( en

1]
~—

where

* D is the absorbed dose rate in the material
* E isthe energy of the gamma photons

* o= Isthe mass energy-absorption coef cient of the detector

Substituting typical values for steel at 1 MeV photon energy and a dose rate limit of
1000 Gy/h, we nd:

_ 0:278 10 3
"~ 1:602 10 13 2:603 10 2

4:67 10'° photons/crfs

This value represents the estimated photon ux corresponding to a dose rate of 1000
Gy/h in steel, assuming a monoenergetic photon source at 1 MeV. While this simpli -
cation does not re ect the full complexity of the in-core gamma spectrum, it provides
a usable reference point for design thresholds and shielding evaluations. In reality the
mean in-core photon energy is typically larger.

2.5.3 Current Output

The expected current output from neutron detectors operating in the power range is ap-
proximately10 3 A at full reactor power and can drop to the orderl6f ** A under

low- ux conditions, as reported in Ref. [14]. This wide dynamic range poses chal-
lenges for the associated electronics, particularly in maintaining reliable signal acquisi-
tion across all operational regimes.

At high current outputs, exceeding the rated capacity of the electronics may lead to
signal saturation, component stress, or long-term degradation. On the other hand, op-
erating at very low current levels signi cantly reduces the signal-to-noise ratio (SNR),
making the output susceptible to electronic noise and external interference, which can
result in unreliable or uctuating measurements.

To mitigate these issues, detector systems typically employ pre-ampli ers and electron-
ics optimized for low-noise performance. However, these circuits perform best when
the input current remains within a well-de ned range where the SNR is maximized and
linear response is maintained. For this reason, it is advantageous to design the system
such that, at full reactor power, the detectors operate near the upper end of their current
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output range, arounti0 2 A. This not only ensures robust signal detection but also
minimizes reliance on high-gain ampli cation, which can introduce additional noise to
the system. The pre-ampli er is also sometimes the limiting component in terms of
radiation dose [12], so being able to place it further away from the detectors is also
bene cial.

Furthermore, proper shielding, grounding, and calibration practices must be imple-
mented to maintain proper measurements, particularly during lower-power operation
where detector currents approach the sensitivity limits of the electronics, but this will
not be investigated in this thesis.

2.5.4 Weight limits

Since the CMSR is intended to be deployed on a barge, weight limitations are more
critical than in conventional land-based reactors. With added weight, the barge will
sink lower under the water line, constricting it to deeper harbors. There is no set limits
for weights as of yet, but the general shielding required will be in the magnitude of
kilotons. Using the AP1000's power range detectors as a reference, an approximate
weight estimation can be made for local shielding of the detectors. Each power range
channel casing is approximately 1.8 x 2 meters in length and about 10 cm in diameter
and consists of two detectors that monitor the upper and lower part of the core respec-
tively. Assuming the detector casing is cylindrical, its volume can be calculated using
the standard formula for the volume of a cylinder:

Vietector= [ 2h = (0:057 3:6 0:0283m?

If a x cm thick steel shield is applied uniformly around the detector, the shield forms a
cylindrical shell with the volume being:

2
Veriold = §+o:05 008 36m? 2.11)

After nding what shielding is needed for the different materials to meet the other re-
guirements, the weight of that shield can be calculated using Eq. 2.11 and the known
density of each material. If the weight proves signi cant for using four of these detector
wells, some other strategy might be needed.

All limits are stated in Tab. 2.3. The following chapters will now focus on nding if the
conditions of the CMSR already satisfy these limits, or if shielding or other actions are
required.
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Chapter 3

Monte Carlo principles

The simulations in this project were carried out using OpenMC, version 0.15.0 (commit
84fb859 ) [22]. OpenMC is an open-source Monte Carlo particle transport code devel-
oped mainly at MIT. It supports neutron-photon coupled simulations and is applicable
to a wide range of applications, including criticality calculations, shielding analysis,

and depletion studies.

The original goal with the development of OpenMC was to enable large-scale, high-
delity 3D reactor simulations. A key focus in its development was on parallel perfor-
mance, and thanks to domain decomposition and ef cient memory handling OpenMC is
very scalable. In this project, however, that aspect was not used extensively. The main
reasons for using OpenMC were that it is free and open source, quite well-validated,
and offers built-in variance reduction capabilities. Since this study is more focused on
research and development, rather than regulatory licensing, an open-source tool was a
practical and exible choice.

More details on the Monte Carlo method and how OpenMC works are given in this
chapter.

3.1 Fundamentals of OpenMC simulation

OpenMC tracks one particle at a time unless parallel runs are used. The transport sim-
ulation for a single patrticle is executed as follows:
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1. Particle information is processed.

2. The current cell location of the particle is determined based on the particle
coordinates.

3. The cross-sections for the material of the cell are determined from a pre-
loaded nuclear library.

4. The distance between particle and cell boundaries is determined.

5. Distance to next collision is sampled usithg 'T , Where  is the ma-

terial's total macroscopic cross section an a pseudo-random number
from a uniform distribution on [0,1).

6. If the nearest boundary is less than the collision distance, the patrticle is
advanced to the boundary where the process is repeated from step 2. If
instead the collision distance is smaller, the particle undergoes a collision.

7. Once the collision has been initialized, the nuclide with which the collision
is happening is sampled based on total cross sections. The probability|that
a speci ¢ nuclide is sampled (a material can consist of multiple nuclides)
is: P(i) = ;1 where ; is the total cross section of nuclidevithin the
material.

8. After the speci c nuclide has been sampled, the reaction of that nuclide
is sampled using the microscopic cross sections. The probability that a
reactionx will occur is stated asP(x) = —=.

9. For absorption or ssion reactions, the particle is killed and if needed s-
sion sites are created and banked.

Once all particle histories have been simulated, OpenMC computes sample means and
variances for user-de ned tallies. These tallies are used to estimate physical quantities
such as ux, reaction rates, and currents.

OpenMC provides multiple tally estimators depending on the desired score. For exam-
ple, in order to boost number of events that scores to a tally, one can use an estimator
that scores at every particle track instead of every collision - a track-length estimator.

For neutron ux inavolumeV, this is typically estimated using:

V = Wi\i (31)

wherew; is the weight of théth particle, andV is the total source weight; is the path
length of theith particle through the volume. This estimator corresponds to integrating
the angular ux over all directions and energies within the region of interest.

More generally, the process of tallying in OpenMC can be expressed as an integration
over phase space:

27



Chapter 3. Monte Carlo principles

z Z Z
X= d d def(r; ;E) (r; ;E) (3.2)

Here,r denotes the spatial position, the direction of neutron traveE the neutron
energy, (r; ;E) isthe angular neutron ux, anfi(r; ;E) is the scoring function,
such as a cross section or reaction multiplicity. The speci c limits of the integral are de-
ned by the user through lters, such as spatial regions, energy bins, or angular ranges.

Equation 3.2 thus represents the general form that underlies all Monte Carlo tallies. The
track-length estimator above is one particular case whére ;E) = 1, integrated
over a given volume.

3.2 Variance reduction

A common challenge in xed-source Monte Carlo simulations is ensuring adequate
neutron transport to distant regions from the source, potentially through absorbent ma-
terials, also known as deep shielding problems [24, 25]. As neutrons travel farther,
the statistical variance in the simulation tends to increase, often resulting in signi cant
noise in the output. To address this, variance reduction techniques, such as the weight
window method, are employed to decrease tally variance by increasing the number of
particles reaching key regions of interest.

In Monte Carlo neutron transport simulations, each particle is assigned a statistical
weight, denoted aw, which represents the number of real neutrons that the simulated
particle corresponds to. Weighting particles allows the simulation to statistically rep-
resent neutron populations without tracking every physical neutron individually. How-
ever, as particles travel through complex geometries or penetrate thick shielding, the
number of particles reaching distant or low- ux regions can become very small, result-
ing in large statistical uncertainties in these regions. Variance reduction techniques aim
to improve the statistical quality of simulation results in regions of interest by control-
ling particle weights and their propagation. This allows more particles (or effectively
more neutron histories) to be sampled where they matter most, reducing noise in tally
results without prohibitive increases in computational cost. One common approach to
variance reduction is the weight window method, which adjusts particle weights dy-
namically during simulation to maintain an ef cient sampling distribution.

The weight window method introduces bounds on the particle weight, denoted as
which are compared against predetermined upper and lower threshglds)d w;,
respectively. If a particle's weight exceeds the upper bound, the patrticle is spltiinto
new particles, wherdl is given by the formula:

. w
N =min  Npax e (3.3)

u
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Here, Nhax Speci es the maximum number of allowed splits. Each newly generated
particle is assigned a new weightwfN.

If the particle weight falls below the lower threshold, the Russian Roulette technique
is employed to further reduce computational cost. The probability of a particle being
killed is set tol w=w. If the particle survives, its weight is increasedwp This
process is known as Russian roulette. In OpenMC, particles with a weight below a hard-
coded threshold are instead killed immediately without applying Russian roulette [24].

In shielding problems, a method for weight window generation is MAGIC (Method
of Automatic Generation of Importances by Calculation). This global variance reduc-
tion technique relies entirely on Monte Carlo simulations, unlike hybrid methods such
as FW-CADIS (Forward-Weighted Consistent Adjoint Driven Importance Sampling),
which use deterministic calculations to estimate importances. Both work by splitting
particles in lower ux densities and terminating those in higher ux regions, thus boost-
ing exploration of the geometry. Both these methods are available for implementation
in OpenMC, but due to the somewhat more streamlined process of MAGIC, this method
was employed.

MAGIC begins with a simulation without variance reduction to estimate the ux distri-
bution across a mesh. From this, a mesh-based weight window is generated. In each
subsequent iteration, updated weight windows are derived from the ux tallies of all
neutrons of the previous run. This iterative process progressively improves particle
transport into low- ux regions and reduces variance. MAGIC effectively approximates
the importance function using forward Monte Carlo simulations. It also applies co-
ordinate transformations to enhance ef ciency. Compared to other methods used in
neutronics models, such as in a use-case for ITER, MAGIC has shown improved per-
formance [26]. However, the trade-off is longer run times or using fewer batches, as
generating suitable weight windows through Monte Carlo alone requires more itera-
tions, and the computational time tends to increase with each iteration [24].

A weight window is de ned as the allowed statistical weights of a particle, de ned by
the lower weightv, and upper weightv,. For de ning the lower bounds of the weight
windows, the following equation is used:

o(r)
2 max( o)

wi(r) = (3.4)

Eq. 3.4 shows that the lower bound of the weight window is generated by normalizing
the ux at locationr for every energy groug by the maximum ux over all energy
groups at locatiom. The upper bounds are found by multiplying the lower bounds by
a constant, by default set to 5 [25]. Weight window generation can be customized, for
example, by setting a maximum number of interactions a particle may undergo [24].

The uxis found in each iteration by solving the neutron transport equation [6]:
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L+Q =(S+F) +Qs (3.5)

In this expressionl. and C denote the leakage and collision operators, respectively,
while S represents the scatter-in operator &dhe ssion operator. The quantity

corresponds to the neutron ux, arf@gs denotes the external neutron source. This
general form of the neutron transport equation captures the balance between neutron
loss and production due to various physical processes and is used to update the weight
window bounds.

3.3 The eigenvalue problem

In a criticality simulation, we are interested in nding the valuekgf; , the effective
multiplication factor:

_ Number of neutrons in generati¢n)
Number of neutrons in generatign 1)

Keft (3.6)

If kets IS 1, the reactor is critical, subcritical Kty < 1, and nally supercritical if
kesf > 1. In a criticality simulation, the transport equation becomes an eigenvalue
problem:

(L+0O = k—:;(S+ F) (3.7)

Solving this equation yields botk; and the ssion source term distribution. In re-
ality, whenkgs 6 1, the system is not in a true steady state, and the neutron popu-
lation changes over time. This implies a transient problem. However, to treat it as a
steady-state problem in Monte Carlo criticality simulations, the ssion source term is
arti cially renormalized byl=k. in each iteration. This transforms the problem into

a xed-point eigenvalue problem where both the neutron ux distribution kgdare
solved simultaneously.

While this approach works well near criticality, it can introduce deviations when the
system is far from critical. In such cases, although the total source strength is adjusted,
the shape of the neutron spectrum is not renormalized accordingly. This can lead to
errors in estimating neutron ux arkds, especially in strongly subcritical systems [27].
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3.4 Depletion and decay

The composition of the fuel will change with time, and thereby also change the neutron
economy in the core. The time evolution of nuclide concentrations in a depletion chain
is governed by the Bateman equations. For a systemraiclides undergoing decay
and/or transmutation, a general form can be written as:

— = it iN; iNi; (3.8)
i6i

whereN; is the concentration of nuclide ; is its total removal rate, and, ; is the
rate at which nuclid¢ produces nuclidevia decay or transmutation.

This equation can be extended to include neutron-induced reactions, such pand
ssion, by incorporating ux-dependent reaction rates:

_ X
e .(j!i+ i INg Gt i N (3.9)

j6i

where j, ; and ; are the microscopic cross-sections for transmutation and depletion,
respectively, and is the neutron ux. These equations form the basis for depletion
calculations, which are essential for tracking the isotopic evolution of the fuel and pre-
dicting the long-term behavior of the reactor.

A depletion run in OpenMC works by rst performing a Monte Carlo transport calcu-
lation to obtain reaction rates of the foh  for each nuclide, then these rates are
applied to Eq. 3.9 given a speci ed time-step in order to update the material composi-
tions. The updated composition is then used in the next transport calculation, and this
procedure is repeated until the nal depletion time is reached.

In OpenMC, depletion zones are represented by associating depletable nuclides with
speci ¢ material instances. Each material thatis agged as depletable will have its com-
position evolved independently, allowing users to de ne multiple spatially resolved de-
pletion regions if desired, which is needed to accurately portray depletion in solid-fuel
reactors. In a owing fuel MSR, however, the circulating fuel tends to be well-mixed
due to continuous ow through the core and external loop. Therefore, it is reasonable
to treat the entire salt inventory as a single homogenized depletion zone. While this is
an approximation, it signi cantly simpli es the simulation setup and reduces computa-
tional cost.

Another unique aspect of MSRs is that delayed neutron precursors are carried with the
owing fuel. After the fuel exits the core, these precursors decay and emit delayed
neutrons in the external loop. Although the magnitude of this contribution is small
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compared to prompt neutrons in the core, readings of delayed neutron ux could also
provide valuable information about the operating state of the reactor.

The neutron source rate due to precursor decay atttiafter the fuel leaves the core
can be approximated by [28]:

Vipe X it
S = So e ! (3.10)
core

where:

» S(t) is the delayed neutron source rate in the external piping atttime
* Vpipe OUt-0f-core pipe volume

* Veore re@ctor core volume

* S is the steady-state neutron source rate in the core

» ; isthe delayed neutron fraction for groupepresenting the fraction of delayed
neutrons emitted by that group relative to the total neutron population

* ; is the decay constant (inverse of the mean lifetime) of precursor gr@qv-
erning how quickly the delayed neutron emission decreases with time

- e it represents the exponential decay of the precursor population as it moves
through the primary loop

This formulation provides a simpli ed yet useful estimate of neutron activity in regions
outside the core, which is essential for evaluating detector signal interference between
neutrons emitted from the active core, and the delayed neutrons in the primary loop.
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Chapter 4

Simulation ow

This chapter describes how the theoretical aspects of Monte Carlo simulations were
applied within this work.

Figure 4.1: Flow chart of the simulation procedure.

The core geometry used in the simulations is shown in Fig. 1.2, while the modi ed
geometry including the detector is shown in Fig. 4.2. Instead of modeling a small,
realistic detector, a simpli ed detector geometry was used: a cylindrical layer that wraps
around the core and its shielding. This design choice was made to increase the number
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of particle interactions within the detector, thereby improving statistical accuracy by
surrounding the entire midsection of the core.

Figure 4.2: Core geometry with one meter of shielding between the detector
and the core. The detector consists of an outer steel casing and an inner BF
gas volume. It is represented as a cylindrical shell encompassing the core.

Here follows an explanation of the simulation procedure for this thesis.

4.1 Criticality simulation

The simulation work ow is illustrated in Fig. 4.1. First, a criticality calculation was
performed to determine the neutron source strength and to initialize the neutron source
at the edge of the steel vessel. The simulation consisted of 200 batches, including 40
inactive batches, with 10,000 particles per batch. To verify convergence of the ssion
source distribution, the Shannon entropy, a measure of the spatial distribution unifor-
mity of the neutron source, was calculated for each batch, as shown in Fig. 4.3. Once
the entropy curve stabilizes, the simulation is considered converged.
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Figure 4.3: Shannon entropy versus batch number, illustrating source con-
vergence.

A nuclear reactor is considered critical if the ssion reactions in it are self-sustaining,
meaning enough neutrons are born and able to continue the ssion chain. In nuclear
simulations, criticality studies are important for determining whether a system is sub-
critical, critical, or supercritical. The nal ssion source of a criticality mode calcula-
tion can be used as a source for a xed-source calculation. In order to determine the
neutron ux around the reactor tHkix tally was used over the entire geometry. The

neutron ux was found to be roughl¥0'* n/cn?s and be slightly abov&0!® n/cn?s at
the vessel wall, seen in Fig. 4.4.
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Figure 4.4: Radial ux distribution at the midpoint for the critical core.

In OpenMC, tallies are generated with the unit per source particle. In order to normalize
tallies to more tangible units, it is therefore necessary to nd the source production rate.
This can be done by using tiheating score over the whole geometry in a criticality
simulation [29]. Theheating rate tally, H, can then be used together with the
known power of the reactoP, to produce a normalization constdnt

H .
P [#s] _ Msourcé
=u" [J/source] s (4.1)

The other important part of the criticality simulation is to create a source for the fol-
lowing fixed source simulations. Instead of always starting the simulation from
the middle of the core, we can store particles crossing the steel vessel boundary along
with their energies and directions to use as an input le in the next simulation. This
reduces the computational time and variance. By tallying current over the steel vessel
edge in the criticality simulation it is possible to create a surface source with the correct
intensity for the following xed source simulation used for the shielding calculations.
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Figure 4.5: Source particles crossing the outer steel vessel edge generated
from criticality simulation.

4.2 Shielding simulations

Fixed source simulations were carried out to evaluate the shielding requirements for the
detector. In this context, a “ xed source” refers to a neutron source placed at the edge
of the steel reactor vessel. To reduce statistical variance in the results, weight windows
were applied. The detector was modeled as a cylindrical shell placed outside the vessel,
consisting of an active BFgas volume and a surrounding steel casing. The shield was
placed as an outer cylinder to the core with the same height as the core. The geometry
was made to model a detector 50 cm in length and with a 4 cm radius. Detector length
can vary wildly, from a few centimeters up to a few meters [11], so a number in between
was chosen.

A gas-based detector was selected for modeling due to its larger active volume com-
pared to al°B-lined detector, which improves statistical accuracy in the simulation.
The shielding thickness was incrementally increased across simulation runs, with each
run scoring neutrofiux , current , (n,alpha) reaction rate, and dose within the
detector volume.

The variance reduction technique was applied to get neutrons to penetrate further into
the geometry, which was especially important when using thick layers of shielding. The
MAGIC method was employed to automatically update the weight windows in each
iteration. In total for this project, ve (1 with no weight windows and four subsequent
ones with weight windows) iterations were performed in order to reach convergence,
and the resulting ux progression can be viewed in Fig. 4.6. The gure depicts the
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core of the CMSR, with a 1 m-thick cylindrical shield of concrete wrapped around it.
The neutrons reach increasingly deeper into the geometry until the solution converges,
giving an accurate view of the neutron ux distribution with low statistical uncertainty.
Since the simulation starts with a source on the vessel boundary, the ux is highest in
this area, i.e the yellow ring. In the left-most gures, the 'tails' observed are due to
individual particle tracks reaching deeper into the geometry, so they can essentially be
seen as noise. The nal weight windows were then saved to be reused in all future
simulations to reduce computational time.

(a) Mean ux distribution

(b) Standard deviation of ux

Figure 4.6: Flux results for 0, 2 and 4 iterations of weight window genera-
tion.

Most simulations were run using 100 batches, 10,000 particles per batch, and a maxi-
mum of 4,000 particle splits. An exception was made for the concrete shielding simu-
lations, which used 200 batches and 500,000 particles per batch. This was necessary to
produce detection ef ciency data without too much noise.

To analyze neutron and photon behavior in the detector, theftotal and energy-
dependent scaldlux tallies were applied in the detector volume. The total ux was
used to determine shielding requirements to reach levels bE)n/cn?s. An addi-

tional objective was to determine the directions from which neutrons entered the detec-
tor, as this can affect measurements. Since additional shielding may scatter neutrons
before they reach the detector, th@rent tally was used on the detector's surfaces

to evaluate the directional distribution of incoming neutrons.
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A key metric is the detection ef ciency, which can be in uenced by the shielding con-
guration, as the shielding changes the neutron spectrum. As discussed previously,
the detection mechanism in a boron-based detector relies ¢n,dipha)  reaction.

This reaction rate was tallied in OpenMC, and the detection ef ciency was calculated
as:

Number of(n; ) reactions
Number of neutrons entering the detector

eff —

(4.2)

where the total number of neutrons entering the detector was determined from the
current tally.

Photon interference is also a critical factor, as photon radiation can degrade detector per-
formance and produce false signals. To evaluate photon interactiopsiseeheight

tally was applied to the detector volume. This tally generates a pulse-height spectrum
for photons. By summing the counts across all energy bins, the total number of pho-
ton interactions with the detector can be estimated. While not all of these interactions
would produce signals in a real detector, the tally serves as a useful benchmark.

Additionally, the total energy deposited in the detector by photons can be determined
from thepulse-height tally. Dividing this energy by the mass of the detector yields
the speci c dose absorbed:

_ Edep

D (4.3)

Mgetector

This value provides an indication of the potential for radiation damage or signal inter-
ference caused by photon exposure.

4.3 Pipe simulation

In order to study delayed neutron ux in other parts of the primary circuit, a depletion
simulation was run with one depletion step of one year, full power, to create a fuel
composition representative of operated, irradiated salt. The depletion chain for this
project was approximated by using available depletion chain data for a thermal spectrum
PWR. The fuel was then decayed for 7 and 15 seconds to simulate the transport to and
through the pipe itself.
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Figure 4.7: Geometry set-up with pipe, core and two detectors.

The geometric set-up is seen in Fig. 4.7. The core is the same as earlier, but a transport
pipe part of the primary circuit is modeled at a 2 m distance from it. The pipe is 9 m
long and contains depleted fuel, with a 10 mm thick steel wall and an overall diameter
of 600 mm. Two detectors were used in this setup, both 50 cm long with a diameter of 8
cm. Both were placed pointing towards the pipe, but one on the side of the pipe closest
to the core, while the other one was placed on the opposite side, as far way from the core
as possible. The 2 meter gap is lled with air, although this would most likely be lled

by the primary shielding, insulation, or something else in the real design. After decay,
the source rate of the fuel in the pipe is signi cantly lower than in the core. The new
source rate of the fuel was approximated using Eq. 3.10 and the values for the precursor
groups of the MSRE shown in Tab. A.2. One xed source simulation was then run using
the same vessel edge source generated earlier, to score neutron contributions from the
core, and then simulation with the active pipe as the neutron source instead.

40



Chapter 5. Shielding considerations for an ex-core detector

Chapter 5

Shielding considerations for an
ex-core detector

This chapter focuses on key considerations in the design of the ex-core neutron moni-
toring system, based on results from OpenMC simulations. Factors such as neutron and
photon ux, detector ef ciency and sensitivity, orientation, and photon interference are
examined and discussed.

5.1 Flux requirements

The xed-source simulations found that using no shield would necessitate around 70
cm distance between detector and core in order to reach Hgit\w/cn?s in the de-

tector. This could be acceptable, but in some scenarios it might become impractical, as
a general wish when constructing an SMR is to keep the design compact. This result
is illustrated in Fig. 5.1, where we can also observe that a neutron detector pressed up
right against the core will experience aroud5 10'° n/cns for all neutron ener-

gies. While there are detectors capable of withstanding this ux it exceeds the typical
speci cation, which is closer to one-third of that value.

For a simple comparison, the attenuation of ux from an isotropic point source in vac-
uum is also shown in Fig. 5.1, where the ux decreases with the inverse square of the
distance. To approximate this, the following expression was used:

M=o (5.1)

Here, ¢ is the simulated ux value at the core edgg,is the distance from the core
center to the edge, andis the distance from the core in cm. This simpli ed model
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assumes a point source at the core center with no attenuation or scattering, resulting in
a slower decrease in ux compared to the actual reactor environment.

Figure 5.1: The ux measured in the detector, with no shielding.

In case a 70 cm distance between detector and core might become a design problem later
on, some different shielding options were considered to decrease the needed space for
the detector equipment. When trying out different shielding materials, it was found that
high-density polyethylene and water were most effective at lowering neutron ux in the
detector, as shown in Fig. 5.2. Least effective was lead and steel. This is expected since
these are high-Z materials, much more effective at blocking photons. Polyethylene and
water on the other hand are hydrogen rich, which as established earlier is the most
effective at moderating neutrons, where some absorption is also common. For water or
polyethylene less than 5 cm of shielding is required to bring down ux levels, whilst for
concrete about 10 cm is needed. For lead around 30 cm is required, which is still much
lower than when using no shield at all. Steel required around 20 cm to half the original
ux, which compares closely to the theoretical half-value layer in Tab. A.1. While
high-density polyethylene is a common local shielding material for thermal detectors,
due to the higher temperatures in the CMSR it may not be a suitable shielding material.
If used, special care needs to be taken to ensure the structural integrity of the material,
i.e it should not be exposed to too high temperatures.

Gamma ux was also tallied and is plotted in Fig. 5.3. Here we see that lead is by far
the most effective gamma shield, bringing photon ux down to urid®mphotons/cris

with around 5 cm of shielding. Polyethylene and water work poorly for this purpose,
as both consist of a majority low-Z atoms, requiring about 50 cm to properly attenuate
photons. A compromise was therefore tested, with concrete shielding and 10 cm of lead
closest to the detector. This brought down photon ux essentially immediately, as well
as neutron ux in about 15 cm (10 cm lead + 5 concrete). The small spike seen in the
photon ux for this mix is probably due to the fact that when adding concrete before
the lead it leads to more neutron absorption within the shield, generating more photons
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via (n, ). What can be concluded however, is that without shielding photon ux is still
under speci ed limits and that the photon ux is about 10 times lower than the neutron
ux.

Figure 5.2: Neutron ux in the detector for different shielding materials and
thicknesses, the recommended limit for neutron ux is represented with a
black line at10% [n/cnPs].

Figure 5.3: Photon ux in the detector for different shielding materials and
thicknesses, the recommended limit for photon ux is represented with a
black line atL0 [ /cn¥s].

It is worth noting that concrete is a relatively adaptable material, allowing for adjust-
ments in water content. Higher water content means higher concentration of hydrogen,
which should produce better neutron attenuation. This was also tested, and the result
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can be viewed in Fig. 5.4. The result shows that a higher hydrogen percentage indeed
increases the shield's ability to moderate and absorb neutrons. This was also compared
to the theoretical half-value layer for concrete provided in Tab. A.1. The simulation
compares well with this value in the beginning, but deviates slightly more as the shield-
ing thickness increases. The theoretical value sees a higher ux than the simulations.
This could be due to different concrete compositions, as the speci ¢ mixture used to
nd the half-value thickness is not given.

Figure 5.4: Concrete compositions and their effect on neutron ux, com-
pared to the theoretical half-value layer.

5.2 Sensitivity

Another important metric to consider when designing the detection system is the ex-
pected output of the detector. Every detector has a set sensitivity, which multiplied by
the ux, gives the output of the detector. Typical neutron detector sensitivities range
from 10 *° to 10 * A/(n/cns), depending on the detector type and geometry. The
values shown in Fig. 5.5 were chosen to re ect this range. It is important to match
the sensitivity to the expected ux environment to avoid saturation or under-response.
In high- ux areas, the detector will output a current. In Fig. 5.5 four different cur-
rent outputs are plotted for four different sensitivities. For a lower sensitivity, even at
0 shielding we are within the preferred area of operation, at araOntiA, whilst for

higher sensitivities some shielding is required to be within the gray-shaded area. This
area represents the preferred area of operation in most detectors. In this region, signals
are strong enough to be transported to the pre-ampli er, without being so large that they
damage or overwhelm the equipment. For concrete or water shielding of about 5-10 cm
we are therefore in the preferred region. If, however, the detector is placed, for exam-
ple, inside the primary shield of water, further away from the reactor, at around 20 cm
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shielding, the signal will start to diminish and end up in the lower areas of preferred
operation, and with even more shielding the signal drops to levels that will be hard to
interpret. On the other hand, since the detector will be placed in lower ux areas, the
pre-ampli er can be placed closer which reduces the noise levels.

It is also important to note that the detector will degrade with time, meaning the sen-
sitivity will decrease. This decrease is due to normal operations, as radiation damage
increases and the activation layer depletes, along with environmental aspects such as
temperature. Higher temperatures typically increases sensitivity loss, which in the case
of the CMSR might become important as temperatures are expected to be higher than
in conventional nuclear. A sensitivity decrease of%6@s shown here in Fig 5.5. This
sensitivity drop is especially important in the case of thick shielding, as even a detec-
tor that starts off in good conditions can end up in non-preferred operation due to this
degradation. Given the sensitivity drift over time, periodic recalibration of the detec-
tor becomes essential, especially in high- ux or high-shielding environments. Systems
should be designed with access or redundancy to allow recalibration or replacement
without major disruption.

The conclusion here is that too thick shielding is not preferred, as this will produce too
small of a current output. If the detector is to be placed within the primary shield of
water it should be placed in such a way that the water between the detector and core is
not more than around 20 cm. This underscores a key trade-off in detector design: while
shielding protects the detector and nearby electronics from radiation damage, excessive
shielding reduces the detected ux and can push the detector below its reliable operating
range. Optimization must balance sensitivity, shielding, and longevity.
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(a) Photons depositing energy in detector pé) Total deposited photon energy in detector
second for different concrete thicknesses. per second.

(c) Neutrons depositing energy in detector pét) Total deposited neutron energy in detector
second for different concrete thicknesses. per second.

Figure 5.5: Current output in the detector given different values of sensi-
tivity, with the shaded area being the preferred window of operation for
full-power operation.

5.3 Detector orientation

A detector can be placed in many different orientations depending on the desired read-
ings. In this simulation, a long cylinder with a small opening facing the core was used
out of convenience. As this was a steady-state simulation of an otherwise moving fuel,
placing the detector as close to the center as possible, the hope was to capture an accu-
rate reading from the middle of the core. Other orientations of the detectors are common
though, with the longest part of the detector facing the core in order to increase readings.
Looking at where the neutrons enter the detectors, most do so from the sides of them,
as shown in Fig. 5.6. This is especially true for fast neutrons. Since the sides feature
some steel, it can be assumed that more of the thermal neutrons traveling through the
sides are absorbed. The incorporation of cadmium sleeves or borated polyethylene can
selectively Iter thermal neutrons, depending on the desired energy spectrum. Orien-
tational shielding may be needed to suppress unwanted side-entrance paths for thermal
neutrons, especially in mixed- eld environments. If one still wants to use a horizontally
placed neutron detector, but keep neutrons from entering the sides, cadmium sleeves are
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one option used in the MSRE for this purpose [16].

Worth noting is also that in real-world installations, the detector orientation is also
constrained by structural geometry, ease of access for maintenance, and cable routing.
These practical considerations can override theoretical optimizations in some designs.
For example, in the MSRE the source-range detectors were placed vertically, as these
we not intended to survive, while the wide-range and safety detectors were placed in
42 guide tubes in order to be easily retractable. The AP1000 instead feature vertically
placed detectors several meters in length. These are installed on rollers so they can be
retracted from their position and then extracted from above via a special guide valve
when needing replacement or repair. This goes to show many routes can be taken in
regards to detector placement.

Figure 5.6: Current comparison through the inlet and the sides of the detec-
tor at different shield thicknesses of concrete.

5.4 Detection ef ciency

Detection ef ciency is de ned as the probability that a neutron entering the detector
results in a measurable signal, here approximated by thg i@action probability, nor-
malized by the total incident neutron current. The detection ef ciency of the detector is
important to consider, as if the ef ciency is too low, this will produce too much uncer-
tainty in the readings. To test this, neutron current and the eaction rate within the
detector were tallied. The neutron energy spectrum was divided into logarithmic bins,
and for each, the detection ef ciency was calculated as the ratio o) {nteractions

to the incident neutron current. To ensure a physically meaningful comparison, the
neutron spectra were divided into lethargy bins, which provide equal weight per log-
arithmic energy interval. This binning method emphasizes the relative importance of
energy-dependent contributions across the wide range of neutron energies encountered.
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The resulting spectra for both are shown in Fig. 5.7, simulated with concrete shielding.
Here we see that the ratio of thermal neutrons to fast ones is signi cantly lower for no
shielding. As the shielding increases, more of the fast neutrons are thermalized, and the
ratio of thermal to fast neutrons increases. Overall, the neutron population shrinks with
shielding as the thermal neutrons are absorbed.

(a) Neutron current over neutron energy. (b) (n, ) reaction rate over neutron energy.

Figure 5.7: Neutron current and (n) reaction rate for three different thick-
nesses of concrete shielding.

Using these two datasets, the energy-dependent detection ef ciency was computed for
each lethargy bin, as the ratio of the reaction rate to the incoming neutron current. As
expected, thermal neutrons have a much higher detection probability than fast neutrons,
as illustrated in Fig. 5.8a. For thermal ones, the ef ciency is almost 60%, whilst for fast
ones almost 0%. This aligns well with the cross sections for B-10) fleactions.

The total detection ef ciency was then calculated by weighting each bin's ef ciency by
the corresponding neutron population, resulting in Fig. 5.8b. The ef ciency is almost
0% with no shielding due to the large portion of non-interacting fast neutrons. As the
thermal neutrons increase with shielding, the ef ciency jumps to about 30%, where it
plateaus. This shows that the detection ef ciency does not really depend on the amount
of shielding, and that only a few centimeters of concrete is needed to nd maximum
detection ef ciency.

It should of course be noted that the numbers found here are quite arbitrary, as the
electrical response of the detector, including charge collection, electronics, and noise,
is completely left out for these simulations. Simulating the actual detector response was
seen to be outside the scope of this thesis, but would deliver more accurate numbers.
However, these simulations should indicate the trend of detection ef ciency, which can
also be useful. From these results we see that the thermal neutrons created in-core are
essentially completely absorbed in the re ector, and few leave the steel edge. In order
to moderate down more fast neutrons a bit of shielding is therefore required to increase
detection ef ciency when using detectors outside of the re ective boundary.

In conclusion, if the detector is to be placed within the primary water shield, its precise
location is not critical in terms of detection ef ciency, as suf cient moderation and low
uncertainty are achieved even with relatively thick shielding. This provides exibility
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in design and installation, as ef ciency remains relatively insensitive to position beyond
a minimal shielding threshold.

(a) Detection ef ciency in each energy bin. (b) Total detection ef ciency.

Figure 5.8: Detection ef ciency and total detection ef ciency for different
thicknesses of concrete shielding.

5.5 Photon interference

As established in Fig. 5.3 there is a considerable photon ux through the detector,
however, gamma radiation can travel through the detector easily and most rays will not
interact with the detector whatsoever. The shielding also reduces the intensity of the
photons, as seen in Fig. 5.9, where especially the lower energy photons are well atten-
uated by the shielding. For gamma attenuation, the water shielding performs slightly
worse than steel and water. At 100 cm, concrete and steel attenuate photons at about
the same level. This could be motivated by the fact that the 100 cm concrete shield
has already attenuated a large portion of the neutron population, meaning fewer (n,
reactions cause secondary photons that may be more present in the steel shielding.

(a) 0 cm shielding. (b) 50 cm shielding. (c) 100 cm shielding.

Figure 5.9: Photon energy in the detector.
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The deposited energy from photons was investigated, as shown in Fig. 5.10, and the
results indicate that photon interactions can increase with additional shielding, depend-
ing on the material. For lead and steel, an initial sharp decline in detected photons is
observed due to their strong attenuation properties. However, as shielding thickness
exceeds approximately 20 cm, the number of interactions begins to rise again. This
increase is likely caused by the production of secondary photons within the shielding

material. At the same time, the neutrons count steadily goes down as seen in Fig. 5.11,
meaning neutrons are thermalized and absorbed within the material, often leading to
the creation of photons.

In the case of concrete and air, the number of photon interactions increases both with
added shielding and with increasing distance between the source and the detector. This
behavior is a result of photon scattering, which is fully accounted for in Monte Carlo
simulations. As photons travel through low-density media such as air or moderately
attenuating materials like concrete, they can undergo multiple scattering events. At
greater distances, these scattered photons may reach the detector from a wider range
of angles, leading to an increase in deposited dose despite the attenuation of the pri-
mary beam. In contrast, at shorter distances, fewer scattered photons reach the detector,
resulting in a lower overall energy deposition.

For water and polyethylene, photon interactions with the detector generally decrease as
shielding thickness increases, with the exception of a small peak around 5 cm. This
may be attributed to secondary gamma production from neutron capture reactions, such
as(n; ), due to the high hydrogen content and neutron moderation properties of these
materials.

The reduction in photon dose, as illustrated in Fig. 5.12, observed for water and
polyethylene appears to be linked to their neutron-moderating properties. By reduc-
ing the local neutron population, these materials also decrease the rate of secondary
photon production. This moderating effect seems to dominate, leading to an overall
decrease in photon dose with increased shielding. In contrast, lead and steel, while ef-
fective at attenuating photons, do not moderate neutrons and therefore do not exhibit a
similar downturn in photon dose with additional shielding.
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Figure 5.10: Photons depositing energy in the detector per second for dif-
ferent shielding materials and thicknesses.

Figure 5.11: Total number of neutrons detected per second for different
shielding materials and thicknesses.

Although it may seem counterintuitive, the deposited photon energy in the detector was
observed to increase slightly with greater shielding thickness. This effect arises from
photon scattering within the shielding material, which causes some photons to be redi-
rected rather than absorbed immediately. As a result, secondary photons from scatter
events can reach the detector, even as the direct photon ux is attenuated. Importantly,
the energy deposited in the detector remained below threshold limits for both the detec-
tor and the associated cabling.
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