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Abstract

Since the last 60 years, neutrons have played an important role in the characterization
of materials because of their unique properties. Emerging applications have driven the
evolution of neutron science in terms of detection technology, investment, and new large-
scale research facilities. Notwithstanding, in the last two decades there has been a shortage
of the considered golden standard gas for neutron detection: 3He. This crisis is mainly on
account of the massive application of neutron detectors for homeland security purposes.
For this reason, alternative techniques have been researched, being the reaction of 6Li and
10B the most attractive ones.

A new technique of slow neutron detection is discussed in this thesis. This novel detector
consists of a detection layer composed by a thin B4C film deposited on an also thin mylar
substrate, a gas medium, and two independent readout systems (MWPCs) on each side of
the layer. From the interaction between a neutron and a 10B atom, an alpha particle and a 7Li
ion are emitted along the same line, but in opposite directions. The aim of using ultra-thin 10B
layers is to allow both secondary particles to simultaneously escape the detection layer. So,
each reaction product is detected on each side of the conversion layer by each MWPC. Since
they are emitted back-to-back, the neutron position can be reconstructured by determining
the particle’s track centroid and its deposited energy recorded by the two readout systems.
This technique improves the spatial resolution when compared to conventional detectors
with thick detection layers. Through Garfield++ simulations, a spatial resolution of 0.28 mm
using a B4C layer with thickness of 1 µm on a 0.9 µm mylar substrate.

Keywords: Neutron detectors, (cold, thermal, fast) neutrons, gaseous detectors, spa-
tial resolution, Garfield++ simulations.
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Resumo

Desde os últimos 60 anos, os neutrões têm tido um papel importante na caracterização de
materials devido às suas propriedades únicas. As novas aplicações têm levado à evolução
da ciência de neutrões no que toca à sua deteção, investimento e novas instalações de
pesquisa. No entanto, nas últimas duas décadas tem sido preocupante a escassez de 3He,
que é o gás considerado como "golden standard" para deteção de neutrões. Esta crise é
maioritariamente devida à aplicação massiva de detetores de neutrões para propósitos de
segurança nacional. Por esta razão, técnicas alternativas têm sido estudadas, sendo que as
mais apelativas são as reações de 6Li e 10B.

Nesta dissertação, é discutida uma nova técnica de deteção de neutrões térmicos. O novo
detetor consiste numa camada de deteção composta por um filme fino de B4C depositado
num susbtrato fino de mylar, um meio gasoso e dois sistemas de deteção independentes
(MWPCs) colocados em cada lado da camada. Da interação de um neutrão com um átomo
de 10B, uma partícula alfa e um ião 7Li são emitidos na mesma linha, mas com direções
opostas. O propósito de utilizar camadas muito finas de 10B é permitir que ambas as
partículas secundárias escapem simultaneamente da camada de deteção. Desta forma,
cada produto da reação é detetado em cada lado da camada de conversão por cada MWPC.
Como são emitidos na mesma linha com direções opostas, a posição do neutrão pode ser
reconstruída determinando o centróide do seu percurso no gás e a sua energia depositada
através das duas MWPCs. Esta técnica melhora a resolução espacial quando comparada
com detetores convencionais com camadas de deteção espessas. Através de simulações
computacionais em Garfiedl++, a resolução espacial obtida é de 0, 28 mm usando uma
camada de B4C com uma espessura de 1 µm depositada num substrato de mylar de 0, 9 µm
de espessura.

Palavras-chave: Deteção de neutrões, neutrões (frios, térmicos e rápidos), detetores
gasosos, resolução espacial, Garfield++.
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Chapter 1

Introduction

1.1 Motivation and Outline

The neutron is a fundamental particle with neutral charge and one of the constituents of
the atom. It was discovered by James Chadwick in 1932: he firstly introduced the “possible
existence of a neutron” [1] and thereafter the “existence of a neutron” [2]. The discovery of
the neutron quickly changed scientists’ view of the atom and the technology to probe other
nuclei.

Because of their chargeless characteristics, neutrons have high penetration power and
low probability of interaction in matter. Because of these unique characteristics, neutrons
play an important role in matter investigation in various scientific fields. Neutrons have
high applicability in areas such as radiation physics, crystallography, archaeology, biology,
medicine and homeland security [3]. Neutrons can be used to penetrate deep into a target
nucleus, revealing information about the material’s structure and properties. There are
a variety of techniques that use neutrons to study samples: neutron imaging, diffraction,
spectroscopy, reflectometry and small angle scattering. In all of these techniques it is
necessary to detect neutrons that were transmitted or scattered by the sample.

The neutron has no electric charge, so it is not subject to Coulomb interactions with
atomic electrons; however, it interacts with atoms’ nuclei. When a neutron interacts with
a nuclei, its energy or direction may be changed significantly, or it may totally disappear
and be replaced by one secondary radiations. In fact, to be detected neutrons may undergo
nuclear capture reactions. A nuclear capture reaction is commonly used due to the creation
of secondary charged particles, which can be directly detected. For this reason, neutron de-
tectors utilize a conversion material to convert the incident neutron into secondary charged
particles. Consequently, neutrons are detected indirectly by the detection of the secondary
particles using a known reaction. The target-nuclei commonly used are 3He, 10B and 6Li.

The most typical neutron-to-charged particle convertor is Helium-3. The Proportional
Counter filled with 3He gas is the ideal neutron detector and considered the "golden stan-
dard" for neutron detection: the gas is non-toxic and does not present electron attachment,
the detection efficiency is high, and the gamma-ray discrimination is reasonable [44]; hence,
this detector has been widely used.

Neutron detectors are primarily used in science and research; however, they have ad-
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ditional noteworthy applications: national and homeland security, and industry. Neutron
detectors based on Helium-3 can register the presence of fissionable nuclear material (like
plutonium) by absorbing the neutrons emitted by the material. After the attacks of Septem-
ber 11, 2001, the federal USA government implemented an aggressive program by deploy-
ing neutron detectors at the U. S. border to prevent smuggling of nuclear and radiological
material. Despite the initial 3He vast abundancy, its consumption outweighs its production
and thus the 3He shortage was recognized in 2010. Restricted measures were implemented
forcing scientists to dedicate efforts to find sustainable alternatives for 3He.

The European Spallation Source (ESS) is currently under construction in Lund, Sweden,
and aspires to become the most powerful pulsed neutron beam. This state-of-the-art facility
requires state-of-the-art equipment, namely detectors with excellent detection efficiency,
high rate-capability, and outstanding spatial resolution [40][41][42]. The alternatives for
3He must fulfill the requirements of new neutron facilities and achieve similar specifications
as 3He Proportional Counters. The most suitable candidates to replace 3He are: 10B and 6Li
[4] [18]. Concerning this thesis, 10B is the chosen alternative for the implementation of the
novel detector presented in this thesis, for the reasons discussed in Chapter 3. From the
interaction of a neutron and a 10B atom results an α-particle and a 7Li ion. Because of energy
and momentum conservation, the two secondary particles are emitted in the same line but
in opposite directions. For conventional boron-lined detectors, only one of the reaction
products escapes the boron layer into the gas volume in order to be detected. The other one
is absorbed by the boron layer or the substrate; therefore, part of the neutron’s information
is lost since only one secondary particle is recorded.

This thesis focuses on the development of a novel neutron detection technique based
on the implementation of micrometric boron-based conversion layers in gaseous detectors.
The goal of this detector is to simultaneously detect both secondary particles that are emitted
in a single 10B neutron capture reaction.

The physical fundamentals behind the interaction of radiation (charged and uncharged)
with matter, neutron detection, and gaseous radiation detectors are briefly explained in
Chapter 2.

In Chapter 3, an overview on the latest neutron detection technique is reported. This
chapter also describe the impact of the 3He-shortage on neutron research and the require-
ments of current neutron spallation sources.

Chapter 4 introduces the coincidence detector. It describes the limitations of boron-
coated gaseous neutron detectors in terms of spatial resolution, and the operating principle,
geometry and materials of the coincidence detector.

The Garfield++ simulations are detailed in Chapter 5. Initially a brief description of the
Garfield++ toolkit, the simulation setup, the classes used, and the detector’s geometry in
the simulation is done. Thereafter, it is performed a gain analyzes to optimize the applied
voltages, a study of the reduced electric field in the most sensitive areas in the detector,
a determination of the electron drift time, and a calculation of the induced current in the
wires. Given that, the neutron capture site is reconstructed and the spatial resolution of the
coincidence detector determined.

The detector was tested at ICNAS, a research facility of the University of Coimbra.
In Chapter 6, the experimental setup is represented and explained, and the results are
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analyzed.

Finally, Chapter 7 describes the principal conclusions and future work.

1.2 Scientific contribution

The efforts applied in the development of the neutron detector presented in this thesis
resulted in the following publication:

Improving position resolution of neutron detectors with ultra-thin B4C foils, N. F. V. Duarte, J.
S. Marcos, A. Antognini, C. Klauser, S. A. Felix, C. M. B. Monteiro, and F. D. Amaro, Journal
of Instrumentation, vol 17 (2022).

3



4



Chapter 2

Scientific background

To easily understand the concept of this novel detector, a theoretical introduction on
neutron detection is essential. It is also key to comprehend the physical fundamentals of
the interaction of radiation with matter.

2.1 Interaction of radiation with matter

Particle detection techniques and devices are based on radiation interaction with matter
and effects produced by it: depending on the type of material, the type of radiation, and its
energy, different reactions and processes may occur allowing the detection and identification
of particles.

Radiation can be divided into two main groups: charged radiations and uncharged
radiations (table 2.1). On the one hand, charged radiations have an electric charge associated
to the particles and therefore interact with the medium through Coulomb forces. On the
other hand, uncharged radiations have no electric charge and thus are not subject to the
Coulomb force. To be detected these type of radiation must first undergo scattering or
absorption reaction.

Charged radiations Uncharged radiations
Heavy charged particles

(alpha, protons, fission products, etc.)
Neutrons

(slow and fast neutrons)

Electrons and positrons Electromagnetic radiations
(X-rays and gamma rays)

Table 2.1: Types of radiation: charged and uncharged

2.1.1 Heavy charged particles

Heavy charged particles are energetic ions with mass of one atomic mass or greater, such
as protons, alpha particles, and other ions. Protons are the fundamental heavy charged
particles.
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Heavy charged particles interact with the medium through inelastic collisions with
orbital electrons of the absorber atoms. In these collisions these particles transfer energy to
the atoms.

When a heavy charged particle enters an absorbing medium, it interacts simultaneously
with multiple electrons due to the attractive Coulomb force. Depending on the transferred
energy, a orbital electron can go to a higher energy electronic shell, or be removed from the
atom. The latter process is called ionization. In any interaction, the transferred energy is
a small fraction of incident particles’ energy. Since particles interact simultaneously with
many electrons, they lose its energy continuously along its trajectory. As a result, its velocity
is decreased and eventually the particle stops when most of their energy is transferred. The
stopping power, S, is the average energy loss per unit path length in a given material:

S = −
dE
dx

(2.1)

The probability for an interaction to occur is given by the cross section. For a thin layer
of material, this probability is proportional to the thickness and to the number of possible
target particles per unit volume in the material.

The trajectory of heavy charged particles in a medium is approximately a straight line
since they lose small fractions of their energy in each interaction; therefore, only a great
number of collisions can slightly deflect their trajectory. This is due to particles’ mass when
compared to electrons’ mass [4].

Assuming that the energy loss of a charged particle in matter is continuous, the range
of the particle is a well defined quantity. The range is the distance that a particle travels
inside a material before losing all their energy, and depends on the type of particle, their
energy, and the type of material. Hence, heavy charged particles are characterized by a
precise range.

2.1.2 Electrons and positrons

Electrons and positrons are similar to heavy charged particles when interacting with
matter. The difference lies on their smaller mass: electrons and positrons lose a larger
fraction of their energy in each collision, and so they are easily deflected when compared to
heavy charged particles. Depending on their energy, electrons and positrons may undergo
a significant energy loss by radiative emission. This process is called Bremsstrahlung
emission and is more noticeable as particles’ energy increases.

In short, the total energy loss of electrons and positrons is not only due to collisions, but
also due to electromagnetic radiation emission. As a result, the energy loss of electrons and
positrons fluctuates much more than on heavy particles [5].

2.1.3 Electromagnetic radiation

In this context, electromagnetic radiation is constituted by photons, also called X-rays
and gamma rays, that travel with the speed of light c and they have zero rest mass and
charge.
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Because of the lack of an electric charge, photons cannot interact with matter as charged
particles. Instead, the main three process X-rays and gamma rays interact with matter are:
photoelectric effect, Compton scattering, and pair production.

Photoelectric effect

This process involves the absorption of a photon by an atomic electron. This electron,
called photoelectron, is then ejected from the atom with kinetic energy equal to the difference
between the photon energy and the binding energy of the respecting atomic shell. The
energy of the photoelectron is: E = Ephoton − EBinding = h f − EBinding, given h the Planck
constant and f the photon frequency.

Compton scattering

Electrons are normally bound in a medium; however, if the photon energy is higher
than the binding energy of the electron, this last can be considered free. On that ground, the
Compton effect is the collision between a photon and a free electron: the incoming photon
is then deflected by an angle θ with respect to its original direction and a fraction of its
energy is transferred to the electron (recoil electron).

Pair production

Pair production is an interaction between a photon and a nucleus. As a result, the photon
disappears and an electron-positron pair appears. In order for this process to happen, the
momentum must be conserved, which is accomplished by the presence of the nucleus, and
the photon energy must exceed twice the rest mass of an electron (1.02 MeV) [6]. The
nucleus does not undergo any change.

Due to its neutral charge, X-rays and γ-rays are more penetrating in matter than charged
particles. Furthermore, the energy of a beam of photons does not degrade while crossing
a material, instead it is only attenuated in intensity, e.g., the total number of photons is
reduced in respect to the ones absorbed by the material. The linear attenuation coefficient
represents the attenuation of photons. The total probability for interaction is given by the
sum of the three linear coefficients for photoelectric effect, Compton scattering, and pair
production.

2.1.4 Neutrons

Neutrons have neutral charge, consequently they are not subject to Coulomb interactions
with electrons and nuclei. Their principal means of interaction is through the strong force
with nuclei. In terms of charge, neutrons and electromagnetic radiation are identical (table
2.1).

Notwithstanding neutrons and electromagnetic radiation having neutral charge, the
way one interacts with matter is distinct. X-rays and γ-rays interact with atomic electrons
whereas neutrons interact (mainly) with atomic nucleus.
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When a neutron does interact with matter, four main mechanisms can occur: elastic and
inelastic scattering - scattering interactions -, neutron capture reactions, and nuclear fission
- absorption reactions. In scattering interactions both neutron and nucleus reappear after
the reaction; the neutron loses part of its energy in every collision. In absorption reactions
the neutron disappears and it is replaced by one or more secondary radiations. The type
of mechanism to occur depends on neutrons energy and type of material. Neutrons can
be classified regarding their energy [5]. Despite the classification, no boundaries between
classes are defined.

Elastic scattering

When a neutron suffers an elastic collision, the total kinetic energy of the two colliding
particles is conserved. Part of neutron’s kinetic energy is transferred to the recoil nucleus
and thus the neutron velocity is decreased and its direction its changed. This is the principal
mechanism of energy loss for neutrons in the MeV region [6].

Inelastic scattering

When a neutron suffers an inelastic collision, the total kinetic energy of the two colliding
particles is not conserved. Part of neutron’s energy is transferred to the nucleus, exciting
it. As a result of nucleus excitation, the latter will return to the ground state emitting
characteristic gamma-rays and losing a greater fraction of its energy than it would in an
equivalent elastic collision [6]. To excite the nucleus the neutron must have an energy of 1
MeV or more [5].

Neutron capture reactions

In this mechanism the nucleus of the material absorbs the neutron, which is then in an
excited state. The nucleus decays by producing secondary radiation: gamma-rays (radiative
neutron capture), heavy charged particles, or conversion electrons. For this process to occur
there are no requirements in terms of neutron energy; however, the reaction must have
positive Q-value to be energetically possible [6][7]. The Q-value is the absorbed or released
energy by the nuclear reaction.

At low energies the neutron capture cross section is proportional to the reciprocal of
neutron’s velocity, e.g, proportional to 1/v [5][7]. Therefore, it is more likely for a neutron
capture reaction to occur if they travel at lower velocities and thus at lower energies.

For slow neutrons, their initial kinetic energy can be neglected when compared to the
absorption reaction energy, which is several orders of magnitude greater. Because of that
and since energies of the two fragments are calculated from energy and momentum con-
servation, they are emitted back-to-back. At the moment of creation of the two fragments,
the atomic electrons are dispersed, thus they carry a net electric charge [8].

The indirect detection of cold and thermal neutrons is mainly achieved through neutron
caption reactions. Reactions in which secondary radiation is emitted in the shape of charged
particles, are more attractive since the latter is directly detected. Such reactions are (n, α),
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(n, p), (n, t), which respectively result in the emission of an alpha particle, a proton, and a
triton, along with the ion formed by the neutrons and protons of the absorption nucleus.

Nuclear fission

When a neutron is absorbed by a nucleus it creates an unstable compound nucleus.
Because of its instability, it splits into smaller nuclei (fission fragments) and releases two or
more neutrons and gamma-rays. Fission fragments decay by β− decay [7]. Energy release
by nuclear fission is greater than the typical Q-values of neutron capture reactions. Some
fissile products that are capable of neutron absorption and make fission possible are: 233U,
235U, and 239Pu.

The neutron has a rest mass of 939.56 MeV, slightly greater than of the proton and is
unstable when not bound in a nucleus undergoing β− decay:

n→ p+ + e− + νe (2.2)

Its half-time is (888.1 ± 2.0)s [9]. The total probability for a neutron to interact in matter
is given by the sum of the individual cross sections:

σtotal = σelastic + σinelastic + σcapture + σ f ission (2.3)

Multiplying σtotal by the number of nuclei per unit volume, N, gives the probability for
a neutron to interact per unit path length, Σtotal:

Σtotal = Nσtotal =
NA · ρ

M
σtotal (2.4)

given ρ the material density, NA the Avogadro number, and M the atomic mass. Analo-
gous to photons, when a beam of monoenergetic neutrons with intensity I0 passes through
a material of thickness t, the number of neutrons that emerges without interacting with
matter is:

I(t) = I0e−Σtotalt (2.5)

Meaning that a beam of neutrons is exponentially attenuated by an absorber. The
average distance between two successive interactions, e.g. the mean free path, is given by
λ = 1/Σtotal.

2.2 Neutrons

2.2.1 Neutron sources

Neutrons are valuable particles because of their applications; therefore the production
of free neutrons is of high significance. Isotope sources of neutrons similar to gamma-ray
sources are not available and do not exist. Neutron sources are much more limited and are
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restricted to isotopic sources (spontaneous fission, radioisotope sources, and photoneutron
sources), nuclear reactors and spallation sources.

On the one hand, isotopic sources are small, portable, and easy to handle; however, they
have a very low neutron emission rate and can have a high gamma-ray emission rate. These
are not the most appropriate neutron sources for neutron research. These sources are also
continuously emitting neutrons, resulting in a large waste of neutrons during their life time.
On the other hand, nuclear reactors and spallation sources produce a high flux of neutrons,
which is more attractive for neutron detection. Nuclear reactors produce a continuous flux
of neutrons and spallation sources a pulsed neutron source. For safety reasons and new
mandatory regulations, nuclear reactors have become less common, moving the attention
to spallation sources.

Spontaneous fission

Spontaneous fission is a radioactive decay where an atom’s nucleus splits into two
smaller nuclei and one or more neutrons. The most commonly used spontaneous fission
source is 252Cf: a neutron-rich isotope that has a half-life of 2.73 years. It decays either by
α-particle emission or by spontaneous fission with a branching ratio of 96.9% to 3.1%. The
neutron emission rate is 2.3 × 1015 n s−1 kg−1 (average n-energy 2.35 MeV) [10]. A sample
of such radionuclide can be a convenient isotopic neutron source in the sense that it can
provide a useful neutron intensity over a sufficiently long half-life.

Radioisotope sources

Another possible way to fabricate a neutron source is by mixing an alpha-emitting
isotope with a low atomic weight isotope: (α, n) reactions. One common example is the
beryllium source, which produces neutrons in the following sequence.

4
2α +

9
4Be→ 12

6C +
1
0n (Q = 5.71 MeV) (2.6)

Other common example is the Americium-Beryllium, typically designated as AmBe
source.

241Am→ 237Np + 4α + γ (Q = 5.48 MeV) (2.7)

Americium-241 has a half-life of 433 years and decays by α emission. The α-particles
interact with beryllium producing neutrons (eq. 2.6). The problem of this source is the high
gamma-ray emission rate which is orders of magnitude higher than the neutron yield.

Photoneutron sources

Like α-particles, photons can also be used to stimulate nuclei to emit neutrons: (γ, n)
reactions. Neutron emission results in the absorption of a gamma-ray photon with sufficient
excitation energy. There are two target nuclei considered.

10



9
4Be + hv→ 8

4Be + 1
0n (Q = −1.666 MeV) (2.8)

2
1H + hv→ 1

1H +
1
0n (Q = −2.226 MeV) (2.9)

Because the Q-value is negative, a gamma-ray with an energy of at least the absolute
value of Q is required.

Nuclear reactors

Nuclear reactors produce neutrons in large numbers as a result of neutron-induced
reactions.

235U + 1n→ 236U∗ → f ission (2.10)

The element 236U can generate many fission fragments such as neutrons. Although
many of these neutrons are used to produce more fission fragments, a large number of
them manage to escape the nuclear core and thus be used in a laboratory setting. As
common practice, due to the small natural abundance of 235U, nuclear reactions use 235U
enriched with 238U (> 90%) to generate high neutron fluxes.

The Institute Laue Langevin (ILL) [11] in France, the Source Heinz Maier-Leibnitz (FRM
II) [12] in Germany, and the PIK reactor [13] in Russia are examples of nuclear reactors
aimed at for neutron research.

Spallation sources

Spallation is a violent reaction in which a target composed with high Z materials (such
as lead, tungsten, silver, or bismuth) is bombarded by very high energy protons. The
incident proton disintegrates the nucleus through inelastic nuclear collisions, resulting in
the emission of protons, neutrons, α-particles, and others. Protons are accelerated up to
relativistic speeds using either a linear accelerator, a cyclotron, or a synchrotron in order to
have sufficient energy to provide spallation.

Compared to nuclear reactors, spallation sources achieve peak intensities of 1 or 2 orders
of magnitude higher. Neutron reactors have a continuous flux of neutrons and spallation
sources a pulsed neutron beam.

Examples of spallation sources are: ISIS (United Kingdom) [33], SINQ (Switzerland)
[34], SNS (USA) [35], J-PARC (Japan) [36], and CSNS (China) [37]. The European Spallation
Source (ESS) [38] is being constructed in Sweden and is aiming to become the most powerful
pulsed neutron beam.

Unlike the other spallation sources, the SINQ spallation source can be considered a con-
tinuous neutron source: the PSI-accelerator system consists of two isochronous cyclotrons,
producing a proton beam with a time interval of 20 ns between pulses; this interval is
irrelevant for thermal neutrons and thus can be ignored [14].
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2.2.2 Neutron classification

Neutrons can be classified according to their energy; however, there are no defined
limitations between classes and many energy classifications can be found across literature.
One present classification will be considered in this work [5].

Term Energy
Velocity

(m/s)
Wavelength

(nm)
Temperature

(K)
Ultracold <0.2 µeV <6 >64 <0.002
Very cold 0.2 µeV ≤ E < 50µeV 6 ≤ v < 100 4 <λ ≤ 64 0.002 ≤ T < 0.6

Cold 0.05 meV <E ≤ 25meV 100 <v ≤ 2200 0.18 ≤ λ < 4 0.6 <T ≤ 300
Thermal 25 meV 2200 0.18 300

Epithermal 25 meV <E ≤ 500keV 2200 <v ≤1×107

Fast ≥ 500keV >1 × 107

Table 2.2: Common terminology of neutron classification. Table from [15].

Ultracold neutrons have very low energies and thus low velocities, and have unique
characteristics: they undergo total reflection at any angle of incidence, they behave like an
ideal non-interacting gas, and they can be relatively easily confined and manipulated [16].
Therefore, they are a unique tool to study the properties of the neutron itself. Producing
ultracold neutrons is not an easy task as it requires an extra moderation mechanism to
reduce neutron’s energy. Cold and thermal neutrons are the most commonly used in
neutron research as they are easy to produce.

The energy a neutron has when it is released from the nucleus corresponds to the energy
range of fast neutrons; therefore, neutrons are always originally emitted as fast neutrons.
To become thermal, cold, etc., neutrons must go through an energy loss mechanism known
as neutron moderation.

2.2.3 Neutron moderation

Neutron moderation is a process to reduce neutron’s energy by repeated elastic and
inelastic collisions with free nuclei. This process allows a neutron to slow down without
being captured by the moderator.

In each collision, the neutron transfers a fraction of its kinetic energy to the target nucleus
in the form of kinetic energy (elastic collision) or excitation energy (inelastic collision). By
repeated elastic and/or inelastic collisions, the neutron loses part of their energy and is
slowed down.

The selection of the moderator must be rigorously considered: the moderator must be
"transparent" to neutrons, it must remove a large amount of energy from neutrons in a
single collision, and the process must be as brief as possible to avoid captures by other
nuclei.

Energy loss per collision goes down with nuclear mass and the rate of collisions goes
up with higher scattering cross-section. Consequently, the moderator must have low mass
numbers and high scattering cross-section in order to slow down neutrons. The most
efficient moderator is hydrogen because neutrons can lose a large fraction of their energy

12



in a single collision. As a result, the most common moderators are water, paraffin and
polyethylene (hydrogenous materials).

2.2.4 Neutron detection

Neutrons do not ionize atoms directly, and thus are detected indirectly by the production
of a charged particle or a photon when interacting with a material. As seen in section 2.1.4,
neutrons interact with matter through four mechanisms: elastic and inelastic collisions,
nuclear capture reactions, and nuclear fission.

The fundamental principle of neutron detection is neutron conversion. To identify a
passage of a neutron, the secondary radiation produced by its interaction with matter must
be detected, hence neutron-to-charged-particle conversion is key. A neutron detector is a
combination of a conversion material and a conventional radiation detector. The conversion
material is designed to convert neutrons into energetic charged particles, such as protons,
alpha particles, etc., possible to be detected by the radiation detector. This latter can be any
type of radiation detector: solid, liquid, gaseous, or a combination.

The principal mechanism of interaction used in neutron detectors are nuclear capture
reactions of type (n, charged particles).

Choosing the conversion material is a major aspect in designing neutron detectors. To
achieve the best detector performance, a careful search and consideration must be done. The
neutron capture reaction cross-section should be high enough to achieve a high detection
efficiency. Depending on the isotope used for the neutron conversion reaction, several types
of reaction products can be produced. Other aspect is to consider the best reaction products
for the detection technique in use.

The cross-section for neutron interactions in most materials is a strong function of
neutrons energy: 1/

√
E; therefore, nuclear capture reactions are more likely to occur in low

energies, such as cold and thermal neutrons. Nonetheless, there are no requirements in
terms of neutron’s energy, only the obligation for the reaction to have a positive Q-value.
This is due to the possible low energy of the incoming neutron. The kinetic energy of the
reaction products is given by the Q-value for the same reason. Then, the goal is to choose
the neutron capture reaction with the higher Q-value. Other aspects may be considered
such as robustness, price, and toxicity.

Isotope Isotopic abundance
σth

(barn) Reaction products
Q-value
(MeV)

3He 0.0002% 5330 t, α 0.764
6Li 7.6% 940 t, α 4.78
10B 19.9% 3840 α, 7Li, γ

2.31 (94%)
2.79 (6%)

113Cd 12.2% 20600 γ,e− 9.04
155Gd 14.8% 609000 γ,e− 8.54
157Gd 15.7% 254000 γ,e− 7.94

Table 2.3: Neutron capture reactions: isotopic abundance, cross-section, reaction products,
and Q-value. Table from [64].
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The widely used reactions are the ones which secondary particles are charged particles:
3He, 6Li, and 10B. These are the ones which will be considered in this chapter. From fig. 2.1,
the neutron capture cross-section for both 3He, 6Li, and 10B is strongly dependent on the
energy of the incoming neutron by a factor of 1/

√
E, approximately.

Figure 2.1: Neutron capture cross-section as function of incident neutron energy for 3He,
6Li, and 10B. Image from [18], data from [19].

3He reaction

The 3He-gas is typically used in gaseous proportional counters, and is the most com-
monly used converter material. Neutron detection by 3He is based on the reaction:

3He + n→ 3H (191 keV) + p (573 keV) (Q = 0.764 MeV) (2.11)

From the interaction between a neutron and a 3He atom a proton and a triton (3H) are
emitted. The cross-section for this reaction is higher than for the other ones of the type (n,
charged particles). Due to momentum and energy conservation, both secondary particles
are emitted in opposite directions. For cold and thermal neutrons, the Q-value is much
higher than the neutron’s energy; therefore, it is not possible to extract energy information
from neutrons. The main disadvantage of 3He is its minimal natural abundance of 0.0002%.

6Li reaction

Another reaction for the detection of thermal neutrons is the (n, α) reaction in 6Li, which
is based on:

6Li + n→ 3H (2.73 MeV) + 4α (2.05 MeV) (Q = 4.78 MeV) (2.12)

From the interaction between a neutron and a 6Li atom an alpha and a triton are emitted
in opposite directions due to momentum and energy conservation. The cross-section of
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this reaction is lower than for 3He and 10B; however, it has a higher Q-value. The reaction
products emitted in this reaction interact with scintillating material and thus 6Li is an
interesting convertor for neutron scintillator detectors.

10B reaction

Neutron detection by 10B is based on the reaction:

n + 10B→ 7Li∗ (0.84 MeV) + 4α (1.47 MeV)
(Q = 2.792 MeV)(94%)

(2.13)

→
7Li (1.02 MeV) + 4α (1.78 MeV)

(Q = 2.310 MeV)(6%)
(2.14)

From the interaction between a neutron and a 10B atom two situations are possible: an
alpha particle and a 7Li in the first excited state are emitted with 94% probability (eq. 2.13),
or an alpha particle and a 7Li in the ground state are emitted with 6% probability (eq. 2.14).
The excited 7Li returns to its ground state by emitting a gamma-ray with 0.48 MeV. Because
of momentum and energy conservation, the particles are emitted in the same line but in
opposite directions. The Q-value of the reactions is large when compared to the incoming
energy of the thermal neutron, so it is also not possible to extract information about the
incoming kinetic energy of the neutron. The cross-section for this reaction is higher than for
6Li and lower than for 3He. The Q-value is again between the two reactions: higher than
3He and lower than 6Li. The 10B reaction is exploited both in BF3 Proportional Counters
and in Boron-Coated Gaseous Detectors.

The other three mechanisms of interaction (elastic and inelastic collisions, and nuclear
fission) can also be used to detect neutrons [17] [4] [18], but are beyond the discussion of
this work.

2.2.5 Gamma-ray discrimination

Because of neutrons neutral charge, mechanisms to detect neutrons in matter are based
on indirect identification, so as for gamma-rays (2.1.3 and 2.1.4). Neutrons interact with
matter through scattering and absorption. When a neutron suffers an inelastic collision
the nucleus is excited, which quickly de-excites by emitting a gamma-ray. For neutron
absorption, it may undergo radiative neutron capture where the secondary radiation is a
gamma-ray. Also for nuclear capture reactions a gamma-ray can be emitted. The inte-
raction of a neutron with Boron-10 has a 94% probability of emitting a gamma-ray with
energy of 0.48 MeV (reaction 2.13). So, neutrons and gamma-rays are present in the same
environments.

Similarly to the neutron, a photon can only be detected after being converted into a
charged particle. For low energy photons the most common mechanism is the photoelectric
effect. For medium energies the Compton scattering is dominant; moreover, for high energy
photons the most usual mechanism is pair production [20]. In gas-filled detectors, a gamma-
ray can interact in the gas volume or in the detector walls resulting in a high energy electron
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which ionizes the gas while traversing the detector. The range of electrons in such detectors
is bigger than the dimensions of the detector, while the range of protons or heavier particles
is shorter. Consequently, the total energy of neutron conversion products is deposited in
the medium, whereas the electrons energy measured only represents a fraction of its total
energy. This leads to a very clear separation between energies deposited by neutrons and
gamma-rays. Gamma-ray discrimination is generally done by selecting a cut-off energy
in the pulse height distribution. Signals below that threshold are more likely to belong to
gamma-rays and thus can be rejected.

To achieve a good gamma-ray discrimination, it is often necessary to select certain
detector materials. For low energy gamma-rays, the probability of photoelectric interaction
increases with the atomic number: it is proportional to Zn, where n varies between 4 and
5 over the gamma-ray energy region of interest [6]. For this reason, lower Z numbers are
chosen: for the detector walls aluminium (Z = 13) is preferred over stainless-steel, which is
mainly composed by iron (Z = 26) [21].

2.3 Gaseous radiation detectors

Gaseous radiation detectors basically consist of two electrodes with an electrical poten-
tial applied and a filling gas between them. These detectors are based on the collection of
the ionization electrons and ions produced by each interaction between the incident particle
and the gas.

To detect radiation, first it must undergo interaction with matter through the processes
discussed earlier. Depending on the technique and technology in place, it is possible to
identify the particles, count them, measure their energy, know their incident position, and
track their trajectories in the gas in two or three dimensions.

An example of a gaseous radiation detector is the proportional counter. Its geometry
consists of a cylindrical cathode with a thin anode wire centred on its axis. When an
electrical voltage is applied, this geometry creates an electric field, which intensity varies
inversely with the radius. The PC is mainly used for the detection of low energy X-rays
and neutrons.

2.3.1 The ionization process in gases

When a charged particle crosses the gas it interacts with it resulting in excited and ionized
molecules along its path, given that it has sufficient energy to do so. When a molecule is
ionized, a positive ion and a free electron are created, forming an electron-ion pair known
as primary ionization. To create this pair, the particle must transfer at least an amount of
energy equal to the ionization potential of the gas; however, because other processes may
occur, the average energy lost by the particle in each electron-ion pair created (W-value) is
greater than the ionization energy. Considering the W-value and knowing the energy of
the incident particle, it is possible to estimate the total number of electron-ion pairs formed
by each incident particle.

When an electric field is present, the electrons and positive ions are accelerated along the
lines of the electric field towards the anode and cathode respectively. The average velocity
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is the drift velocity. Because ions are heavier than electrons, the drift velocity of electrons is
higher. The time it takes electrons to reach the cathode or ions to reach the anode is called
drift time.

If the electrons from the primary ionization have sufficient energy, they can ionize gas
molecules when drifting towards the anode. Consequently, a secondary ionization takes
place where the produced secondary electrons can also collide with other gas molecules
and create additional ionization. This process is called avalanche.

The motion of electrons and ions induces an electric current on the electrodes, which
can be collected and measured.

2.3.2 Filling gas

To achieve the best specifications of the detector regarding its application, the selection
of the filling gas employed in gaseous radiation detectors must be carefully reasoned. Some
physical mechanisms are of extreme importance when choosing the gas and will be dis-
cussed below; however, practical applications must also be considered such as availability
and acquisition price.

During the drift of electrons and ions, interactions with gas molecules may occur: charge
transfer, electron attachment, and recombination. These interactions are harmful for the
detectors good operation. When a positive ion encounters a neutral gas molecule an electron
is transferred from the molecule to the ion, turning the latter into a neutral particle. This
interaction is called charge transfer. Depending on the filling gas, the attachment of an
electron to a neutral gas molecule forms negative ions. The filling gas must have a low
electron attachment coefficient in order for this process to be minimized. A free electron
and a positive ion can also collide. The electron is captured by the ion forming a neutral
particle. This process is known as recombination [6].

Gas
Excitation potential

(eV)
Ionization potential

(eV)

Mean energy for
electron-ion pair creation

(eV)
H2 10.8 15.4 37
He 19.8 24.6 41
N2 8.1 15.5 35
O2 7.9 12.2 31
Ne 16.6 21.6 36
Ar 11.6 15.8 26
Kr 10.0 14.0 24
Xe 8.4 12.1 22

CO2 10.0 13.7 33
CH4 13.1 28

C4H10 10.8 23
Table 2.4: Excitation and ionization potentials, and W-value for various gases. Table from

[5].

In the detection process the ideal is to have a number of electron-ion pairs formed as
great as possible; therefore, the average energy lost by the particle in each electron-ion pair
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created (W-value) must be as low as possible. Table 2.4 shows the excitation and ionization
potentials and the W-value for the most common gases used in gaseous radiation detectors.

Noble gases are a safe choice for gaseous radiation detectors, they have low chemical
reactivity, low electron attachment coefficient, and require a lower electric field intensity
for an avalanche to occur. Avalanche multiplication happens in noble gases at much lower
fields than in complex molecules: this is a consequence of the many non-ionizing energy
dissipation modes available in poly-atomic molecules [22]. The most commonly used
noble gas is Argon. An avalanche is characterized by ionizations and excitations. The
de-excitation of a noble gas particle to the ground state happens through radiative process.
The photon can thus generate a new avalanche very soon after the primary, increasing the
detector’s dead time and causing a proportionality loss between the energy of the incoming
radiation and the collected charge. In order to reduce these effects, a poly-atomic gas is
added. Because of its rotational and vibrational modes, they can quench photon emission
in a wide range of energies. These gases are named quenching gases and are normally CH4

(methane) or CO2 (carbon dioxide). A concentration of about 10% of a quenching gas is
sufficient to reduce the effects.

The final aspect to consider is gas purity, which can be achieved either by continuous
flow during the detectors operation, or by containing the gas inside the detector. For the
latter, a gas purification system is required to remove impurities. This process is used when
the filling gas is expensive. When the detector operates in continuous flow, there is no need
for a purification system since new gas is always entering the detector.

2.3.3 Regions of operation

To collect electron-ion pairs in a gas-filled detector an electric field must be applied in
the gas medium. If the electric field inside the detector is strong enough that recombination
becomes negligible, and all the charges are efficiently collected without loss. Fig. 2.2
indicates the regions of operation of such detectors.

The first region of operation is the recombination region, where the electric field is not
enough to accelerate electrons and ions and thus they suffer recombination. In the ion
chamber region, an increase in voltage does not cause a substantial increase in the charge
collected. There is no charge multiplication; therefore, the signal is created only by the
primary charges. Increasing the voltage, the detector electric field can reach a magnitude
above the threshold value and enable charge multiplication. This is the proportional region:
the number of secondary charges is proportional to the number of primary charges and
thus to the energy of the incident particle.

Increasing the voltage further some non-linear effects are introduced. In the secondary
ionization electron-ion pairs are produced. Because electrons are faster, they are quickly
collected, whereas ions move much slower. As a result, an ion cloud can be created
and thus a space charge which can alter the electric field inside the detector. This is the
limited proportional region. If the applied voltage is high enough, the space charge effect
can become dominant and reduce the electric field below the threshold value; ergo, the
avalanche process is limited. This is the Geiger-Müller region and the region of operation of
Geiger-Müller counters. Finally, at higher voltages the electric field generates a continuous
discharge of the medium, with the chamber no longer being sensitive to any incident
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radiation. This is the continuous discharge region and is a damaging mode of operation for
detectors.

Figure 2.2: Regions of operation of gaseous radiation detectors. Pulse height as function
of the applied voltage in the anode for two different energies of incident radiation

(E2 > E1). Image from [64].

2.3.4 Gas multiplication

As seen, an electron from a primary ionization can be accelerated by the electric field
and ionize neutral gas molecules, i.e., each free electron can potentially create more free
electrons by ionization. This process forms a cascade of electrons that drift towards the
anode, and it is called Townsend Avalanche. The fractional increase in the number of
electrons per unit path length is given by the Townsend equation:

dn
n
= α dx (2.15)

given α the Townsend coefficient for the gas: its value is zero for electric fields bellow
the multiplication threshold and typically increases with the electric field. The total number
of electrons created in a path x is given by integrating the Townsend equation (eq. 2.15):

n = n0eαx (2.16)

being n0 the original number of electrons, i.e., the number of primary electron-ion pairs
originated in an ionization. This value is given by the ratio between E and W-value of the
gas:

n0 =
E
W

(2.17)
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where E is the energy deposited in the gas by the incident radiation.

If the detector is working in the proportional region, charge multiplication is happening.
The motion of electrons and ions induces an electric current on the electrodes: Q is the total
charge generated in the detector.

Q = n0eM (2.18)

given e the elementary charge, and M the gas multiplication factor. This latter is also des-
ignated as the detector gain or the gas gain. Considering equation 2.16, the multiplication
factor is also given by:

M =
n
n0
= eαx (2.19)

For a cylindrical geometry, where the anode consists of a fine wire positioned along
the center axis of a large tube which serves as the cathode, the gas multiplication factor is
obtained by integrating the following equation:

ln M =
∫ ε(rc)

(a)
α
∂r
∂ε(r)

dε (2.20)

where r is the radius of the detector, ε(r) is the electric field, a is the anode radius, and rc

is the critical radius, above which the electric field falls below the multiplication threshold.
Assuming linearity between α and ε, Diethorn derived the following expression for M [23]:

ln M =
V

ln (b/a)
ln 2
∆V

(ln
V

pa ln (b/a)
− ln K) (2.21)

given V the applied voltage, b the cathode radius, p the gas pressure, ∆V the potential
difference through which an electron moves between successive ionizing events, and K is
the minimum value of ε/p below which multiplication cannot occur. Variables ∆V and K
are constants for a given gas.

2.3.5 General characteristics of a detector

Detection efficiency

A very important characteristic of a detector is its detection efficiency. One may consider
two types of efficiency: absolute efficiency and intrinsic efficiency.

The absolute or total efficiency depends not only on the detector properties, but also on
the detectors geometry. It is given by:

ϵabsolute =
events registered

events emitted by the source
(2.22)

The intrinsic efficiency depends only on the type of radiation, its energy, and the detector
material, i.e., depends on the detector and source properties. It is given by:
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ϵintrinsic =
events registered

events impinging on the detector
(2.23)

Since uncharged radiation must first undergo a reaction to produce secondary charged
particles, detecting a good fraction of the incident radiation is complex. For this reason, the
detector detection efficiency is of special importance for this type of radiation.

Dead time

Dead time is the minimum time required for a detector to separate two different events
for them to be registered as two separated pulses. During the dead time detectors may be
either insensitive or sensitive. If they are insensitive, events that occur during dead time are
lost; if they are sensitive, the same events may pile-up on the first event causing a distortion
of the signal and loss of information. Dead time affects the detection efficiency directly.
For this reason, an energy threshold is defined in order to distinguish radiation interactions
from background noise.

Energy resolution

Energy resolution is the ability for a detector to accurately determine the energy of the
incoming radiation, i.e., it is the capacity for a detector to distinguish between two energy
values.

The process of avalanche multiplication is statistical in nature, causing fluctuations on
the number of ionizations and excitations. As a result, the pulse height spectrum (PHS) of
a monoenergetic beam is not a delta-function, but a Gaussian with a well define width. The
energy resolution is given by the full width at half maximum (FWHM) of the peak. If ∆E is
the width at energy E, the resolution is given by Resolution = ∆E/E. Fig. 2.3 demonstrates
two energy peak with different resolutions.

Figure 2.3: PHS of two detectors: one with good energy resolution (blue) and other with
poor energy resolution (orange).
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The smaller the FWHM value is, the better energy resolution the detector has. Consi-
dering the A0 the peak centroid of the Gaussian distribution, the energy resolution can also
be given as:

R =
FWHM

A0
(2.24)

If the energy deposited in the detector is E, the average number of electron-ion pairs
produced is E/W. Considering that this process can be described as a Poisson distribution,
the standard deviation of the number of pairs is:

σ =

√
E
W

(2.25)

The FWHM of a Gaussian distribution is related to the standard deviation by FWHM =
2
√

2 ln 2σ ≈ 2.355σ and thus the energy dependence on the resolution can be:

FWHM ≃ 2.355
√
σ

σ
= 2.355

√
W
E

(2.26)

Experience has shown that the energy resolution is better than the one calculated from
Poisson distributions. This is because energy deposited by an incident particle is not a
constant value as it was considered, and thus can fluctuate. The Fano Factor is introduced
to give the experimentally observed variance and results from the energy loss in a collision
not being purely statistical. Making the necessary modifications, eq. 2.26 is rewritten as:

FWHM = 2.355

√
F W

E
(2.27)

The Fano factor is an empirical value between 0 < F ≤ 1. If all the deposited energy is
converted into electron-ion pairs, the process has no statistical fluctuations and F = 0.

In addition to the fluctuations in ionization, other mechanisms can also affect the en-
ergy resolution: random noise, fluctuations of the electric field, and fluctuations in the
multiplication process for proportional counters.

Spatial resolution

The spatial resolution characteristic is key in detectors which the goal is to obtain the
position of the incident radiation and/or to track the particle inside the detector’s vo-
lume. These type of detectors are called position sensitive detectors (PSD). Single-wire
proportional counters have many usages in detection and energy loss measures; however,
determining of the position of the incident particle is limited by the physical size of the
detector. For that purpose, a position sensitive detector is required. The multi-wire propor-
tional chamber consists of a set of wires, which can be considered independent proportional
counters; therefore, allowing to know the position where the radiation was detected.

The response of a position sensitive detector to an input point source is given by the
point spread function (PSF). Considering a perfect punctiform beam entering the detector,
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the detector’s response is a Gaussian curve centered in the position of the incident beam
(fig. 2.4). The FWHM of the point spread function is the spatial resolution of the detector.

Figure 2.4: Point spread function of a perfect punctiform beam.

A real beam is not punctiform, but has a non-negligible width and a shape. In this
case the reconstructed position distribution of every particle has a gaussian shape and the
reconstructed position distribution of the beam is the convolution of the beam shape and
the gaussian distribution [24].

Figure 2.5: Reconstructed position distribution obtained from the convolution of the
incident point source with the PSF of the detector.

The beam is narrower than the spatial resolution (fig. 2.5). In fact, the FWHM of the
distributions do not depend significantly on the beam width. Fig. 2.6 shows the expected
reconstructed position distribution with several beam width over spatial resolution ratios.
The spatial resolution is the FWHM of the PSF.
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Figure 2.6: Reconstructed position distribution for several beam width over spatial
resolution. Image from [24].

From fig. 2.6, the FWHM of the distributions does not depend significantly on the beam
width.

2.3.6 Multi-wire proportional counters

The multi-wire proportional chambers (MWPC) consists of a set of thin, parallel and
equally spaced anode wires. High voltage is normally applied to the wires (anode), and
the conductive walls are at ground potential (cathode). The distance between the wires is
limited to 1 or 2 mm for technical reasons. Each wire acts as a proportional counter and has
an independent readout, meaning that the position where the particle was detected can be
retrieved. The detectors geometry, electric field lines and equipotentials are represented in
fig. 2.7.

(a) MWPC geometry. (b) Electric field and
equipotential lines near the

anode wires. Image from [22].

Figure 2.7: Geometry (a), electric field lines, and equipotentials lines (b) of a MWPC.
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Electrons created by the ionization process drift towards the anode along the field lines;
the avalanche occurs in the multiplication region near the wires. A large negative-polarity-
induced pulse arises on the anode wire on which the avalanche is collected, while the
neighboring anodes show smaller positive amplitude pulses [6]. Signal formation is faster
in MWPC than for the proportional counter because the path of electrons and ions since
their formation place until the anode (electrons) or the cathode (ions) is smaller; therefore,
MWPC have a higher counting rate.

The resulting charges due to the particle passing in the gas are generally distributed
over more than one anode. Being d the distance between wires and Q(x) the charge readout
in the position x, the spatial resolution is the standard deviation and is given by:

σ2 =

∫
Q(x)(x − x̄)2 dx⇒ σ =

d
√

12
(2.28)

The spatial resolution of a MWPC depends on the anode wire spacing. The worst
possible situation for spatial resolution is when a particle is only detected in one single wire
instead of on multiple wires.

The readout system can be configured into several different ways, but only two will be
discussed in Chapter 5: each wire has its own individual readout system; or by a charge
division chain. In the first, signals can be treated individually; however, this requires a
preamplifier for each wire, increasing the complexity of the readout system. In the second
method, the wires are interconnected by resistors to form a charge division chain. Two
preamplifiers are used at both ends of the chain and the position of the particle is retrieved
by identifying the centroid of the charge in the chain.
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Chapter 3

State of the Art of Neutron Detectors

Neutrons have high applicability in different areas, such as particle physics, crystallog-
raphy, archaeology, biology, medicine, and homeland security [3]. For this reason, new
neutron detection techniques have been researched for the purpose of improving spatial
resolution, detection efficiency, and high-rate capability. As a result of neutrons neutral
charge, they have unique characteristics: lower interaction with matter and higher penetra-
tion power when compared with charged particles, but they are also more complex to detect.
Since neutrons do not ionize atoms directly, they are detected indirectly upon producing
a charged particle, which is then detected. The most common neutron-to-charged particle
convertor is Helium-3; however, it is a very rare gas and has become particularly difficult to
acquire. For that reason, there is an increasing need for the development of new detectors
and techniques using alternative convertors. These detectors and techniques must also
fulfill the requirements of state-of-the-art neutron sources, as the one under construction:
European Spallation Source in Sweden.

3.1 3He-crises

Helium-3 is a rare isotope on earth, which natural abundance is only 1.37 parts per
million [25]; therefore, it is manufactured by nuclear decay of tritium, which is a radioactive
isotope of hydrogen. The radioactive decay of tritium to helium-3 has a half-time of 12.3
years [26]:

3H→3 He + e− + ν (3.1)

Helium-3 is a noble, inert, nontoxic and nonradioactive gas. The main characteristics
of 3He are its neutron absorption capability, its high neutron detection efficiency, and its
good gamma-ray discrimination; then, it is widely used in scientific applications, namely
in neutron detection. Other characteristic of 3He is its ability to detect neutron-emitting ra-
dioactive isotopes such as plutonium: a key ingredient in certain types of nuclear weapons.

The only method currently in use to produce 3He gas is collecting it as a byproduct
of the manufacture and purification of tritium for use in nuclear weapons; therefore, the
production of 3He gas depends on the manufacturing of nuclear weapons. The main two
sources of 3He are the USA and Russia. With the end of the Cold War, the production of
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nuclear weapons decreased and consequently the production of 3He gas. Although, despite
the declining supply, it was enough to exceed consumption.

After the terrorist attacks of 9/11, the U.S. government installed radiation portal monitors
(RPMs) with neutron detectors at ports and border crossings to control illicit transportation
of nuclear and radiological material. RPM’s are large area gaseous detectors filled with
3He with capability to detect gamma-rays, fast neutrons and thermal neutrons. Because
of 3He application in homeland security, the consumption of 3He has risen rapidly and
unprecedentedly since 2001.

Despite the high demand of 3He through the years, its production did not increase and
thus it was not enough to exceed consumption. In 2009, it was recognized that the helium-3
stockpile could be exhausted and that the available supply might not meet future demand,
starting the so called 3He-Crisis [27][28]. Fig. 3.1 represents the chronological evolution of
3He stockpile.

Figure 3.1: Chronological evolution of 3He from 1990 to 2010. Image from [27]

Table 3.1 shows the applications of 3He and their usage. The requested supply of 3He
for Homeland Security is 84.5%.

Application %
Neutron detectors for security 84.5%
Neutron-scattering 10.0%
Oil & gas detectors 2.5%
Medical imaging 1.7%
Low-temperature physics 1.3%

Table 3.1: 3He different applications and their usage. Data from [29].

3He-based detectors are since 1970s the golden standard for thermal neutron detection
because of its detection efficiency, pulse resolution, gamma-ray rejection, physical robust-
ness, and non-toxicity [30]. The 3He-Crisis calls into question these types of detectors: 3He
prices skyrocketed and heavy restrictions in acquisition were implemented. As a result,
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new technologies for neutron detection must be developed. Nonetheless, there is no imme-
diate substitute for 3He with the same properties and specifications. For that reason, in the
past decades R&D efforts have been in place to find equivalent and sustainable alternatives
for helium-3 [31] [32] that must fulfill modern requirements of state of the art facilities, such
as neutron spallation sources.

3.2 European Spallation Source

The European Spallation Source (ESS) is currently under construction in Lund, Sweden,
and aspires to become the most powerful pulsed neutron beam. It will provide a neutron
beam up to one hundred times brighter than currently available at any other facility [38]
and a unique long pulse time structure of slow neutrons. Fig. 3.2 shows the comparison
between ESS pulse brightness and other neutron facilities. The full blue represents the pulse
brightness of the initial design [39] and the blue line the current design [40], possible through
the optimization of the neutron moderation system. The red line is the ESS brightness for
a 5 MW accelerator power.

Figure 3.2: Single-pulse source brightness as a function of time at a wavelength of 5Å.
Comparison between ESS, ISIS targets 1 and 2, SNS, J-PARC, and ILL. Image from [38].

This state-of-the-art facility requires state-of-the-art equipment, namely detectors with
excellent detection efficiency, high-rate capability, and outstanding spatial resolution [40]
[41] [42]. Because of the 3He-Crises, R&D programs have been created to develop large area
and high-rate capability neutron detectors that can fulfill the requirements of the ESS with
alternative convertors.

3.3 Gaseous neutron detectors

3.3.1 3He proportional counter

The 3He proportional counter consists of a proportional counter filled with 3He gas.
This gas is simultaneously the gas medium, where the ionization takes place, and the
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conversion material, where the neutron is "converted" to charged particles. The principal
characteristics of 3He proportional counters are its high detection efficiency and its good
gamma-ray discrimination.

When a neutron enters the detector, it may interact with the 3He gas producing a trition
and a proton with energies of 191 keV and 573 keV, respectively (reaction 2.11). Due to
momentum and energy conservation, both secondary particles are emitted in opposite di-
rections. Ideally both reaction products will travel in the gas medium, ionizing its molecules
and depositing all their energy. In this case, the response of the detector will be a full energy
deposition peak with a Gaussian shape centered at 764 keV (fig. 3.3 right); however, this is
not accurate. Frequently the range of the secondary particles is larger than the dimensions
of the detector, hence they may collide with the detector’s wall (fig. 3.3 left: a and b). When
this happens, the particle’s energy is dissipated and does not contribute to the full energy
peak, thus creating a low continuum of energies in the detector response (fig. 3.3 right).
This is called the wall effect. By increasing the detector’s dimensions or the gas pressure it
is possible to reduce this effect.

Figure 3.3: Left: three possible neutron interactions inside a 3He proportional counter (a,
b, and c). From the interaction a trition (191 keV) and a proton (573 keV) are emitted.

Right: pulse height distribution of a 3He proportional counter with interactions a, b, and c
evidenced. Image from [43].

If the detector is large enough, the majority of the interactions will be like interaction c
of fig. 3.3, where the reaction products are stopped inside the detector and deposited all
their energy.

The efficiency of 3He proportional counters varies depending on volume and pressure;
nonetheless, the detection efficiency can reach 80-90% for a typical pressure of 10 bar [17]
[24].

Despite the high detection efficiency, and good gamma-ray discrimination, the 3He
proportional counters are being replaced. Due to the 3He shortage, prices have heavily
increased and availability has become limited, forcing scientists pursuing other alternatives.
For the past decade, several efforts were made in founding a good replacement for 3He.
Although the constant efforts, no other detector or technique have yet met the characteristics
of the 3He proportional counter.
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3.3.2 BF3 proportional counter

The BF3 detector is a proportional counter filled with Boron Trifluoride (BF3) gas that
is enriched to more than 90% of 10B [4]. When a neutron interacts inside the detector, a
α-particle and a 7Li ion are emitted (reactions 2.13 and 2.14). This gas is simultaneously
the converter material and the detection medium. The detector has the same design and
operation as the 3He proportional counter, with a different gas medium.

The pulse height spectra of this detector is similar to the 3He Proportional Counter (fig.
3.4). It shows two energy peaks corresponding to the Q-value of the two reactions of boron
(reactions 2.13 and 2.14). The difference between the two is given by their probability ratio:
94% and 6%. The full energy peak is centered at 2.31 MeV corresponding to the 94%, where
both α-particle and 7Li ion are fully stopped inside the detector. The wall effect is also
demonstrated in this detector: when one of the reaction products collide with the detector
wall, its energy is dissipated. The Lithium edge in fig. 3.4 represents the situation where
the α-particle strikes the wall and the 7Li deposits all its energy in the gas (0.84 MeV). The
Alpha edge is the reverse situation; the 7Li collides with the wall and the α-particle deposits
all its energy (1.47 MeV).

Figure 3.4: Pulse height distribution of a BF3 proportional counter. Image from [45].

Compared to the 3He PC pulse height spectra, the range of energies is higher because
of the higher Q-values of the reactions. This characteristic provides a better gamma-ray
discrimination; however, the detection efficiency of the BF3 proportional counter is about
30-60% [17] [24] depending on the pressure.

The BF3 gas is not an ideal working gas for proportional counters: it is toxic, corrosive,
and slightly electronegative [18]. Consequently, BF3 proportional counter is not a safe
alternative for 3He-based detectors.

3.4 Boron-coated gaseous neutron detectors

To replace 3He detectors it has been studied the use of 10Boron as film converter based
on gaseous detector. In this section several detectors who use a solid 10B layer will be
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explained; however, there are other neutron detection technologies.

3.4.1 Boron-lined proportional counter

The Boron-lined proportional counter consists on a conventional proportional counter
with a solid layer of 10B acting as conversion material. This is the simplest gaseous neutron
detector based on a solid boron converter. Unlike 3He or BF3 proportional counters, the
conversion material and the ionization gas are two separated materials: in the 3He or BF3-
based detector, the neutron interacts inside the gas volume, whereas in the boron-lined PC
it interacts inside the boron layer (fig. 3.5 left). An advantage is the liberty to choose any
type of gas for charge multiplication convenient for the detector’s purpose.

When an incident neutron interacts with an atom of 10B, an α-particle and a 7Li ion are
produced. Due to momentum and energy conservation, the particles are emitted in the
same line but in opposite directions. The boron layer, where the neutron interaction occurs,
is located on the detector wall. This means that when an interaction occurs at least one of
reaction products will be absorbed either in the converter or in the wall; the other particle
enters the detector and deposits its energy, although, because it had to travel through some
thickness of coating, the particle’s energy is a fraction of its initial energy. Fig. 3.5 left (b)
represents this situation and right the pulse height spectra of the detector. It is also possible
that, despite an interaction event, the neutron cannot be detected: if the reaction products
are emitted aligned in respect to the detector wall they will not enter the detection medium,
or if the particle that should enter does not have sufficient energy to escape the boron layer.

Figure 3.5: Left: (a) 3He proportional counter; (b) Boron-lined proportional counter. Right:
pulse height spectra of the Boron-lined proportional counter. Images from [46].

The spectrum (fig. 3.5 right) exhibits the wall effect. This compromises the detection
efficiency of the detector and its gamma-ray discrimination.

The neutron-to-charged particle conversion occurs in the 10B layer. The thickness of the
layer is a decisive factor for neutron detection and detection efficiency. On the one hand,
if it is too thick the secondary particles may not be able to escape the layer. On the other
hand, if it is too thin the incident neutron may not interact with the 10B. Fig. 3.6 shows the
detector efficiency as a function of the thickness of the boron coating.
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Figure 3.6: Simulation-based modeling of the relationship between coating thickness,
thermal neutron capture efficiency, and detection efficiency for an individual Boron-lined

proportional counter. Image from [46].

The vertical line in fig. 3.6 represents the optimal coating thickness. The detection
efficiency of a single Boron-lined proportional counter is approximately 12% (using 10B
enriched boron), assuming detection on both 10B layers that the neutron must traverse. This
value significantly lower than 3He proportional counters.

3.4.2 Boron-coated straws

One possible solution to increase the detection efficiency in boron based neutron detec-
tors is to have multiple Boron-lined proportional counters: the Boron-coated straws are an
array of smaller diameter Boron-lined PC (fig. 3.7). This detector is a low-cost technology
based on long copper tubes (straws), coated on the inside with a thin layer of 10B-enriched
boron carbide (10B4C) [47].

Figure 3.7: Geometry of the Boron-coated straws detector. Image from [48].

The Boron-coated straws detector was first designed for high rate imaging applications
[48]; however, because of the 3He-Crisis, it was optimized for homeland security applica-
tions to act as RPM’s [49]. The technology was modified to increase the boron-coated area
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in order to achieve the best detection efficiency. The straw-tube design was replaced by a
star-shape straw for that purpose. Fig. 3.8 shows two star shapes (center and right).

Figure 3.8: Left: array of 31 boron-coated straws housed inside a 2.92 cm tube. Center and
right: design variations with star shaped straws referred to as Star1 (center) and Star2

(right). Image from [50].

Monte Carlo simulations were performed to determine the optimal coating thickness
that represents the maximum detection efficiency. The maximum detection efficiency was
obtained with the Star 2 detector, yielding 50.9% for thermal neutrons with a 1.28 µm
coating. Star 1 detector showed an efficiency of 42.1% for a 1.49 µm coating, and the tube-
shaped achieved the lowest efficiency of 36.5% efficiency with a 1.63 µm coating [50]. A
Star1 prototype was built with 31 straws and a 0.85 µm thick of 10B4C.

The straw neutron detector offers a cost effective solution that has proven itself compa-
tible with robust and stable operation in field applications. High levels of gamma rejection,
matching or exceeding those achieved with 3He, are provided by a simple threshold cut
[50]. This detector is available commercially by Proportional technologies, Inc. [51].

3.4.3 Multi-grid detector

Analogous to the Boron-coated straws, the multi-grid detector also consists on multiple
individual detectors; however, arranged in a different geometry. The Multi-Grid is a large
area gaseous detector. It was projected to be composed by eight square tubes filled with gas
where each tube has stacked 128 electrically insulated grids. One single grid is represented
in fig. 3.9 left. Each grid has a series of short and long blades parallel and orthogonal to
the entrance window, respectively, dividing the grid into cells. Anode wires go through the
length of the columns formed by each cell (fig. 3.9 right). The studied model consists of 96
grids, 60 anode wires and has an active area of 200× 200 cm2. The short blades in each grid
are coated with 1 µm thick layer of 10B4C.

The Multi-Grid detector was tested on a monoenergetic neutron beam with an intensity
of 106 n/cm2 at the CT2 test instrument at ILL (Institut Laue-Langevin). The measured
detection efficiency was 47.9% at a wavelength of 2.52 × 10−10 m. The incident particle
position is determined by the cell in which the event is detected, and thus the spatial
resolution is a detection-cell dimension (4 × 2.35 × 1 cm) [52] [53] [54].
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Figure 3.9: Left: one grid of the multi-grid detector. Right: one tube with 128 grids. Image
from [53].

3.4.4 GEM-based detectors

To accomplish the ESS requirements it is essential to develop neutron detectors with
high-rate performance, high detection efficiency and excellent spatial resolution such as
gas electron multiplier (GEM) [55] [56]. The GEM detector consists of a polymer foil coated
with electrodes on both sides and pierced with a high density of holes immersed in a
suitable gas medium. A potential difference is applied between the two sides of the foil
creating an electric field. Primary electrons released by the radiation interaction with the
gas molecules drift towards the holes where the electric field is high enough to trigger the
electron multiplication process (fig. 3.10). The produced electrons are then collected in an
electrode [57]. This detector is used for charged particles; however, by adding a “converter”
such as a boron layer it is possible to detect thermal neutrons.

(a) Holes in a GEM foil (b) Electric field in the
region of the holes

Figure 3.10: GEM geometry (a) and electric field inside and near the holes (b). Image from
[57].

BAND-GEM technology

The boron array neutron detector (BAND-GEM) consists of a triple GEM detector and a
3D-converter cathode that is made of 24 aluminium grids insulated between each other and
coated with 0.59 µm of 10B4C [58]. The 2D position of the incident neutron is reconstructed
through a padded anode composed of 128 pads with different dimensions (4 × 3 mm, 4 ×
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6 mm, 4 × 12 mm) (fig. 3.11). The detector has an active area of 5 × 10 cm2. The whole
detector can be tilted at an angle θ with respect to the incoming beam, increasing the
conversion probability by 1/sen(θ) and consequently enhancing the detection efficiency.
The BAND-GEM detector working principle and a photography of a detector padded
anode are presented in fig. 3.11. This detector was tested on the EMMA instrument at
ISIS. The measured efficiency of the BAND-GEM detector was 40% at a wavelength of
4 × 10−10 m and a tilted angle of θ = 5◦. The measured spatial resolution was 7 mm at the
same conditions. The relative charge extraction efficiency of the 3D converter was 67%.

A similar detector, which converter grids were coated with 1 µm of 10B4C, was tested
at the ORPHEE reactor [59]. The count-rate measured was about 8 MHz/cm2 with a non-
linearity value of 55%, or 2 MHz/cm2 with a non-linearity value of 11%.

Although the BAND-GEM rate capability is higher than the 3He tubes (∼ 100 kHz/tube),
its detection efficiency is lower: 3He tubes have a detection efficiency of about 80%. Never-
theless, the count-rate is sufficient to satisfy the requirements of the ESS and thus is a good
candidate to replace 3He-based detectors.

(a) BAND-GEM detector working principle. Image
from [58].

(b) Padded anode of the
BAND-GEM detector. Image

from [59].

Figure 3.11: The BAND-GEM technology: working principle and anode.

THGEM

The thick gas electron multiplier (THGEM) has a hole-structure similar to the GEM,
but with 10-fold expanded dimensions. It is manufactured by standard PCB techniques of
drilling holes in G10 and cooper etching [60]. The THGEM is an interesting detector due to
its simplicity, robustness, and is economic when compared to GEM.

In order to have a neutron detector, a thin 10B4C layer is coupled to two thick gas
electron multiplier (THGEM) [61]. The incident neutrons are localized by the position-
sensitive charge readout. The 10B4C layer has a thickness of 1 µm and an active area of
10× 10 cm2. This detector was tested with cold neutrons at the ICON facility at SINQ (PSI).
The measured intrinsic neutron detection efficiency was around 5%. The spatial resolution
of the THGEM is 1.32 mm for the x-coordinate and 1.38 mm for the y-coordinate.
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Figure 3.12: The THGEM detector working principle. Image from [61].

The THGEM is a good solution because of its simplicity and low-cost solution for large
area. The THGEM has a high counting rate capability in the MHz range [60], thus it can be
used in pulsed neutron sources.

GEM-based neutron detector

The GEM-based neutron detector consists of a stack of boron-coated cathodes, BGEMs
and Gain-GEMs [62]. From top to middle there is a sequence of a boron-coated cathode
to neutron-to-charged particle conversion, four BGEMs, a Gain-GEM to amplify the signal,
and a double-sided flexible readout board (fig. 3.13). In this readout board, cross-strips were
put in opposite surfaces to obtain the 2D position of neutrons. The detector is symmetrical
and has in total 10 boron layers with 1.2 µm thick each. In the BGEM, the cathode is
composed of a 400 µm thick Aluminium layer covered by a 1 µm thick B4C coating for
neutron detection [63].

(a) The detector working principle. (b) A photograph of the physical detector.

Figure 3.13: GEM-based neutron detector: working principle and physical detector. Image
from [62].

The detector was tested on a monoenergetic neutron beam at the Triple-axis Spectrome-
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ter of CMRR and a test beamline of CSNS. The detector’s sensitive area was 200 × 200 cm2,
its detection efficiency was 54% at a wavelength of 4.9 × 10−10 m, and its spatial resolution
is 2.94 mm (FWHM). This detector has an overall detection efficiency identical to a con-
ventional 3He neutron detector. Its high-rate capability must yet be studied; however, the
GEM-based neutron detector is apparently a notable alternative to 3He-based detectors.
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Chapter 4

The coincidence detector

The main concern of the state of the art neutron detectors is that it is impossible to
reconstruct the line of action of the conversion reaction and to collect its total released
energy. When a neutron interacts with a boron atom the charged particles (α and 7Li)
are emitted in opposite directions. Because of the range of the secondary particles in 10B,
the layer’s thickness, and the detectors geometry, one of the emitted particles (at best)
cannot reach the gas and thus cannot be detected. As a result, part of the neutron capture
information is lost. To collect all information, it is necessary to detect the two secondary
particles. The solution is to optimize the B-coating thickness. This technique will be
discussed in this chapter.

4.1 Limitations of boron-coated gaseous neutron detectors

Boron-coated gaseous neutron detectors have a solid 10B layer deposited in a substrate
where the neutron capture reaction occurs; the resulting charged particles interact in the
gas and thus are detected. When a neutron interacts with a boron atom, an α-particle and
a 7Li ion are emitted in-line in opposite directions (reactions 2.13 and 2.14). Geometrically
only one of the reactions products enters the gas, while the other is absorbed by the boron
layer or the substrate. Because of this, part of neutron capture information is lost, namely
its released energy.

Increasing the boron layer thickness will increase the probability for a neutron to interact
with a boron atom, hence the neutron detection efficiency also increases; however, only to
a certain point. Because the range of the secondary particles is only a few microns in solids,
if the boron layer is too thick, they will not escape the boron layer avoiding detection. To
study the effect of the 10B converter thickness on the detection efficiency two modes are
considered: backscattering and transmission.

Fig. 4.1 represents the backscattering and the transmission modes, and its corresponding
detection efficiency. The maximum detection efficiency is approximately 4.5% for a B4C
coating thickness of 3 µm in backscattering mode.
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Figure 4.1: Left: layout of neutron interactions in transmission and backscattering modes.
Right: detection efficiency as a function of the B4C (99% 10B enriched) thickness, for a

neutron beam in transmission and backscattering mode, obtained by GEANT4
simulations. The boron layer is deposited on a 0.5 mm thick aluminium foil. Detector

physical volume was a box with a volume of 10 × 5 × 2.5 cm3, filled with Ar:CO2 (90:10) at
1 atm. Image from [64] and [65].

The goal of the novel detector presented in this thesis is to improve spatial resolution by
optimizing the boron thickness for it to be smaller than the range of the alpha and the 7Li
ion; therefore, both charged particles can escape the conversion layer, reach the gas with
enough energy, and be detected.

4.2 Operating principle and geometry

The novel technique consists on a neutron detection with a thin 10B layer deposited on
an equally thin substrate allowing both secondary particles to escape the solid layer with
sufficient energy to be detected. Two independent readout systems are placed in opposite
sides of the detection layer to simultaneously detect the track of each reaction products (fig.
4.2 left).

The converter foils consists on two B4C layers (0.5 µm each) deposited on both sides of
a mylar foil with a thickness of 0.9 µm [64] [65] (fig. 4.2 right). The two readout systems
(detector A and B) can be considered two independent MWPCs. Each readout is on each
side of the converter foil in order to detect the secondary particles emitted back-to-back.
Both secondary particle tracks can be reconstructed along the x-coordinate and thus the
neutron incident position can be inferred. In the example present in fig. 4.2, detector A
detects the α-particle in a range between 0 mm and 4 mm, and detector B the 7Li ion in a
range between -2 mm and 0 mm. Because each detector is composed of discrete wires, this
means that several of them would be triggered. Considering a single independent readout,
the neutron capture position will lay inside the respective ranges; however, by combining
the information of both detectors, this value will be much closer to the real value (0 mm), as
shown by fig. 4.2 left.
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Figure 4.2: Left: Scheme of the neutron coincidence detector. Simulation of a neutron
interacting with a conversion foil, in which both secondary particles leave long tracks in

the gas. Two MWPCs representing the two independent readout systems (detectors A and
B). Image from [64] and [65]. Right: Symmetric converter coating layout made of two B4C

layers (0.5 µm each) deposited on both sides of a mylar foil (0.9 µm).

The neutron interaction position estimation depends on the collected charge by each
wire, which in terms depends on the energy deposited by each particle in the gas along
their track. The deposited energy depends on the particle’s initial energy when it escapes
the boron layer. This technique makes use of the information available in the neutron
capture reaction by collecting the energy and track position of both secondary particles
instead of only one.

4.3 Materials

The material choice will influence the performance of the detector. In this section three
material categories will be discussed: neutron converter, substrate, and filling gas. The
reasons behind each selection will also be detailed.

Neutron converter

The neutron conversion material is based on Boron-10. In the present detector, the
chosen conversion material was 10B4C [64].

The neutron capture probability for thermal neutrons at low solid thickness is better
for 10B-based substrates than for 6Li; the range of the neutron capture reaction products
is also better for 10B [64], hence the 10B reaction is selected for neutron-to-charge-particle
conversion. It can be used in their elemental form: 10B; or as compounds: B4C (boron
carbide), and BN (boron nitride). The elemental form of boron has bad oxidation resistance
and poor electrical conductivity [66]; therefore, it is not the best option to use as a cathode
nor as deposited on a substrate. The boron nitride is widely used in semiconductor neu-
tron detectors [67]; however, it has not been used in gaseous neutron detectors. Finally,
boron carbide is the most stable compound of boron. It has excellent thermal stability and
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chemical resistance, better conductivity than the elemental boron [66], and is not damaged
by radiation [68]. For these reasons, B4C is the selected neutron converter.

Substrate

For the substrate, three types of materials were considered: aluminium (Al), mylar
(C10H8O4), and kapton (C22H10N2O5). The chosen substrate must be transparent to neutrons,
have low density, have the mechanical capability to go through the deposition process
without suffering deformations, and be available in thin films. Aluminium is the common
choice for B4C deposition in neutron detectors because of its transparency to neutrons and
the mechanical capabilities to endure the deposition process; however, its density is higher
than for mylar or kapton.

Despite the theoretical assumptions, the availability of thin films is the most critical
factor and thus the decisive one. Kapton foils bellow 1 µm thickness were not found, and
aluminium foils were very fragile and difficult to manipulate. The mylar foils were the less
challenging because of its superior elasticity and robustness [64].

Depositing thin Boron thicknesses on a thin Mylar substrate requires complex tech-
niques, such as DC-magnetron suttering [69][70], room temperature pulsed laser deposition
[71][72], or a method of dripping the solution containing B4C nano-particles [73]. Currently
two converter foils are physicalyl available for testing. A 1 µm thick boron foil in the form
of a 1 cm diameter, which is commercially available, and a 100 × 100 mm2 mylar foil with
0.5 µm thickness coated by a 0.5 µm enriched B4C on both sides.

Filling gas

As seen in Section 2.3.2, the filling gas must be a mixture of a noble and a quenching
gas. The quenching gases are normally CH4 (methane) or CO2 (carbon dioxide). Hydrogen
has the highest neutron scattering cross section, hence a collision between a neutron and
a hydrogen will deflect the first of its original path. Consequently, the detection efficiency
will decrease or an uncertainty will be added to the position determination. This scattering
process cannot be ignore, thus the quenching gas choice must fall on CO2. For the purpose
of this thesis, the filling gas is Ar:CO2 (90:10) at atmospheric pressure.
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Chapter 5

Simulation setup

From the interaction between a neutron and a boron atom results two charged particles:
alpha and Lithium-7 (reactions 2.13 and 2.14). These charged particles, when traversing
the detector produce ionization patterns. The primary ionization data is obtained from
GEANT4 simulation [64].

In this chapter it will be discussed the software and processes used in simulating electron
and ion transport, induced current in the readout system, and spacial resolution of the
detector. The detector operation principle and geometry is the same discussed in Chapter
4.

5.1 Garfield ++

The main software used for the simulation of the detector was Garfield++. It is a toolkit
for the detailed simulation of signals in particle detectors based on ionization measurement
in gases or semiconductors [74]. An interface to the Magboltz program [75][76] is used to
calculate the transport properties of electrons in gas mixtures. For visualization purposes,
such as plotting the drift lines, and making contour plots of the potential, different classes
in Garfield++ are available; they depend on the ROOT framework [77].

5.1.1 Flow of the simulation process

To describe gaseous media, the MediumMagboltz is implemented. This class calculates
transport properties, interpolates gas tables, and imports and stores gas files. For calculating
the electric field inside the detector, the class ComponentAnalyticField is used; it can handle
two-dimensional sets of wires and planes. The elements which define the geometry of the
detector (planes and wires) are added in this class. This class also allows the calculation of
the induced signal in the wires of the readout system. The object sensor acts as an interface
between ComponentAnalyticField and transport classes.

The electron avalanche calculation is done either by Runge-Kutta-Fehlberg integration
- class DriftLineRKF - or by Monte Carlo integration - class AvalancheMC or AvalancheMicro-
scopic. The latter provides the most detailed and accurate result; however, because this class
follows electrons from collision to collision, it requires the most computation time. This
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class only covers electrons; for tracking ions, a secondary avalanche class must be added.
The chosen avalanche class for the simulation was DriftLineRKF, explained latter in this
chapter.

As the information about charged particles (e.g., alpha and lithium-7) crossing the detec-
tor is provided by GEANT4 simulations [64], there is no need to simulate ionization patterns
produced by them; however, it could be done by classes of type Track: TrackHeed or SRIM.
Garfield++ uses as input the primary ionization information to launch at the indicated
position an electron with the respective energy and direction of movement provided.

Fig. 5.1 shows the interplay between classes and the flow of Garfield++ simulation. As
output, Garfield gives data files and designs graphics with the help of ROOT.

Figure 5.1: Flow of the simulation process and classes’ interplay.

5.1.2 The coincidence detector in the simulation

General considerations

The GEANT4 simulations were performed with a perpendicularly incident infinitely
collimated thermal neutron beam at (x,y) coordinates (0,0). The total number of incident
neutrons was 106. Considering a symmetric 1 µm 10B4C coating in a 0.9 µm mylar, the
detection efficiency of the coincidence detector was 1.39% [64]. For input to the Garfield++
simulations a pre-selection of events was done, being one event a neutron that interacts
with the Boron-10 producing two charged particles that escape the boron layer and the
substrate interacting in the respective detector. The selection consisted on choosing events
in which:

• there is coincidence in detectors A and B from the same event, i.e., the same incident
neutron;

• the energy of the α-particle and the 7Li is more than the threshold energy of 100 keV;

• the particle has some movement after each interaction with the gas molecules until
full energy deposition.
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The threshold energy of 100 keV is for gamma-ray discrimination. A particle from a
selected event is called an eligible particle. The coincidence detector detection efficiency is
now 1.33%.

In a single event, two eligible particles are originated (α-particle and Lithium-7): one
interact in detector A and the other in detector B. This is due to the fact that they are emitted
in the same line of action, but with opposite directions. In each interaction with the gas
particles, the eligible particle has a determined energy that decreases along their track. This
decreasing amount in each interaction can be roughly considered as the deposited energy.
The number of electron-ion pairs formed in each interaction is given by Edeposited/W. For Ar
the W-value is 26 eV (table 2.4). If for any case the deposited energy was less than 26 eV, the
considered value was the latter. The electron formed in an interaction has an energy equal
to the ionization potential: 15.8 eV (table 2.4).

Geometry

To perform the simulations a determined geometry was considered. Fig. 4.2 is a very
good representation. The detector is symmetrical; therefore, both detector A and B are
equal, inverted in the y-axis. The geometrical considerations are: the distance between the
wires is 2 mm; the wire radius is 25 µm; the distance between the boron plane and the wires
is 8 mm; and the distance between the wires and the cathode plane is 2.5 mm. Fig. 5.2 is a
geometrical representation of the detector.

Figure 5.2: Geometrical scheme of the coincidence detector.

The detector prototype has 39 wires in each readout system. For the purpose of reduc-
ing the computational time and resources, only 11 wires in each detector A and B were
simulated. From the GEANT4 simulations, the distance travelled by an eligible particle in
the x-projection is less than 8 mm; therefore, 11 wires (10 mm) are sufficient to perform the
simulations.
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5.1.3 Gas mixture, and ion mobility

Magboltz interface calculates the transport properties of electrons drifting in gas mix-
tures under the influence of electric and magnetic fields by using semi-classical Monte Carlo
simulation [76]. Through MediumMagboltz it is possible to specify gas composition, tempe-
rature, and pressure, and to create a gas file. The chosen gas mixture for this simulation is
the same used in the GEANT4 simulations: 90% Ar and 10% CO2 [64]. The gas file contains
the transport properties of the gas for electrons and a table that stores the rates calculated
by Magboltz of excitation and ionization levels.

For tracking ions a ion-mobility file is required and must be entered manually. For the
purpose of this simulation, the ion-mobility file corresponds to a table of reduced electric
fields and their corresponding reduced ion mobility of Ar+ in pure Ar. The ion mobility
(K) depends on the drift velocity (Vdri f t) and drift field (Edri f t):

K =
Vdri f t

Edri f t
(5.1)

The reduced ion mobility of Ar+ in pure Ar as a function of reduced electric field is
presented in fig. 5.3. Because there is no current data in literature for drift in the Ar
mixture, this value is an approximation.

Figure 5.3: Reduced mobility of Ar+ in pure Ar as a function of reduced electric field. Data
from [74]. The horizontal axis is in logarithmic scale.

5.1.4 Electron and ion transport

The role of GEANT4 is to simulate the passage of the secondary charged particles of
neutrons reaction with Boron-10 through both detectors, giving the required information of
primary ionizations. The GEANT4 simulations were previously done [64]. The avalanche
process is calculated through the following methods:
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• Monte Carlo integration: AvalancheMicroscopic class covers microscopic tracking of
electrons, which are followed from collision to collision. It requires a table of collision
rates for each scattering process as a function of electron energy, provided by the
class MediumMagboltz. Ions, on the other hand, cannot be tracked microscopically
in Garfield++ using this class and consequently are tracked macroscopically by a
secondary class: AvalancheMC or DriftLineRKF. To simulate the drift lines of ions it is
required the macroscopic drift velocity as a function of the electric field provided by
a ion-mobility file. This is a very thorough technique, which consumes an enormous
amount of time and computational resources due to the dimensions of the detector and
the number of primary ionizations. AvalancheMC also uses Monte Carlo integration for
avalanche calculation. The difference between both classes relies on the time interval,
the distance, and the collision rate between each collision. In AvalancheMC the user
must specify one value of the three: time steps, distance steps, or collision rate. In
the first case the integration is done using fixed time steps, in the second case using
fixed distance steps, and in the third the class is instructed to do the integration with
exponentially distributed time steps with a mean equal to a multiple of the collision
time. This is a more simpler calculation compared to AvalancheMicroscopic; however,
not so accurate in the microscopic level and for detailed calculation of ionization and
excitation processes.

• Runge-Kutta-Fehlberg integration: DriftLineRKF (RKF) method gives the average
expected path for a single electron drifting from a certain point in the detector and
allows a relatively quick assessment of the general drift characteristics of a particular
geometry as compared to performing a full Monte Carlo simulation [78]. With this
technique it is also possible to simulate ions avalanche. RKF is suitable for tracking
electrons over large distances and in cases where detailed calculations of ionization
and excitation processes are not required, such as this one. Thus, this is the chosen
method for avalanche calculation.

Primary electrons move towards the wires and make an avalanche in their proximity.
Primary electrons located in detector A go to the respective wires in the same detector, and
equally for detector B. In the ionization process many electron-ion pairs are created. The
number of electrons at the end of the drift line is thus given by [74]:

ne = exp(
∫

(α − η) ds) (5.2)

Since exp(
∫
α ds) is the multiplication factor, exp(

∫
η ds) is the loss factor, α the Townsend

coefficient, and η the attachment coefficient.

Ions start going to the drift region. They go in the direction of the boron layer or the
down and up plane when in detector B or A, accordingly. An example of the avalanche
process can be seen in fig. 5.4, where the drift paths of the electrons and ions are shown
with the orange and red lines, respectively. The calculation was performed on Garfield++.
The electron drift lines were calculated using the AvalancheMicroscopic class in order to have
a detailed description of the drift; for the ion drift lines, the AvalancheMC was used. In both
cases, the track of the α-particle and the 7Li ion is considered a straight line simulating an
ideal track.
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Figure 5.4: Electrons (left) and ions (right) drift lines using the classes AvalancheMicroscopic
for electron drift lines and AvalancheMC for ion drift lines. An ideal alpha and lithium

track was used.

In fig. 5.4 left, it is observed that the majority of the electrons drift towards the nearest
wires (in this case, wires 3, 4, 5, 6 of detector B, and 6, 7, 8, 9 of detector A). Although,
some may drift to the neighbour wires (1 and 2 of detector B and 10 and 11 of detector A).
It is predictable that the induced current in the nearest wires will be negative and higher in
absolute than the furthest ones. Because the ion drift lines are not calculated interaction by
interaction, they are not so detailed (5.4 right) due to the class used. The green spots signal
the excitation processes near the wires where the field is higher.

5.2 Gain

To optimize the applied voltage in the wires and in the boron plane in order to maximize
the multiplication factor, gain curves were performed. The simulations accounted for the
real number of wires: 39 wires in each detector. Changing the number of wires translates
to a change in the electric field map. In this case, the gain should be as truthful as it could
be, so the real number of wires were used. The DriftLineRKF class was used, and the gain
is given by the multiplication factor [74]:

M = exp(
∫
α ds) (5.3)

Two cases of gain dependence were study: changing the applied voltage in the wires
and in the boron plane, and changing electron’s initial position along x and y-coordinates.
In both cases, one initial electron was launched in each respective position with an energy
equal to the ionization potential, 15.8 eV.
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Gain dependence on the applied voltages

The initial electron was launched from the position were x = 0 cm and y = −0.3 cm.
Two situations were studied: (1) varying the applied voltage in the wires between 1500V
and 4000V, and fixing the boron plane voltage at 1000V and the cathode voltage at 0V; (2)
varying the applied voltage in the boron plane between 200V and 2000V, and fixing the
wire voltage at 3000V and the cathode voltage at 0V.

The gain calculated for the situation (1) is represented in fig. 5.5.

Figure 5.5: Gain curve calculated by varying the wire voltage between 1500V and 4000V
(1). Simulations performed with 39 wires in each detector, boron plane voltage of 1000V,

and cathode voltage of 0V; the position of the initial electron is (0 cm;-0.3 cm). The
maximum theoretical gain corresponds to 105 [6] above which the detector breaks down

with continuous discharges. The chosen operational voltage is 3000V.

As expected, the gain increases with the applied voltage; however, voltages of more
than 3000V are difficult to maintain without considerable electronic noise. For this reason,
the ideal operational wire voltage is 3000V, corresponding to a gain of 1213.31.
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Increasing the applied voltage in the boron plane while the wire voltage is 3000V,
decreases the potential differential between the boron plane and the wires. As a result, the
gain decreases with the voltage increase in the boron plane.

Figure 5.6: Gain curve calculated by varying the boron plane voltage between 200V and
2000V (2). Simulations performed with 39 wires in each detector, and wire voltage of

3000V; the position of the initial electron is (0 cm;-0.3 cm). The chosen operational voltage
is 1000V.

To achieve the best multiplication factor, higher voltages must be applied, i.e., higher
potential differences between the wires and the boron. Although, this leads to an increase
in the electronic noise to major levels that directly affect the detector’s performance. The
choice must then be balanced between maximizing the gain and minimizing the noise.

After careful consideration, the selected voltages are:

Wire voltage (V) Boron plane voltage (V) Cathode voltage (V) Gain
3000 1000 0 1213.31

Table 5.1: Selected wire, boron plane, and cathode voltages for a gain of 1213.31.

These are the voltages used in the next Garfield++ simulations.
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Gain dependence on the electron initial position

After the selection of the applied voltages, the variation of the multiplication factor
depending on the electron initial position is studied. Also two situations were considered:
(3) varying the x-coordinate between -2 cm and 2 cm at 0.1 cm intervals, and fixing the
y-coordinate at -0.3 cm; (4) varying the y-coordinate between -0.1 cm and -0.7 cm at 0.1 cm
intervals, and fixing the x-coordinate at 0 cm.

Figure 5.7: Gain curve calculated by varying the x-coordinate between -2 cm and 2 cm at
0,1 cm intervals (3). Simulations performed with 39 wires in each detector, wire voltage of

3000V, and boron plane voltage of 1000V; the y position of the initial electron is -0.3 cm.

The distance between the wires is 0.2 cm, then at 0.1 cm intervals some points will fall
right above the wires and others between then. Because the electric field is assumed to be
different in the direction above the wire and between two wires, the gain should also be
different. The electric field will be studied in the Section 5.3. In this case, when the electron
is launched in the direction above a wire (blue), the gain is 1213.31; when it is launched in
the direction between two wires (orange), the gain is 1365.26. The relative error between
the two gains is 11.1%.

In situation (4), varying the y-coordinate, translates to a minimal change in the multi-
plication factor that is difficult to observe in fig. 5.8. For that reason, the gain along the
y-coordinate in both detectors is considered to be constant.
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Figure 5.8: Gain curve calculated by varying the y-coordinate between -0.1 cm and -0.7 cm
(4). Simulations performed with 39 wires in each detector, wire voltage of 3000V, and

boron plane voltage of 1000V; the x position of the initial electron is 0 cm.
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5.3 Electric field

As seen above, the electric field is critical to a good detector performance; therefore, it
will be studied in this section. Although it is possible to calculate the electric field with
Garfield++ and represent it with the help of ROOT, the calculations were done outside of
these programs. To design the detectors geometry and meshing the Salome [79] program
was used; to perform the electric field calculations the Elmer FEM [80] program was also
used. The electric field lines are presented next (fig. 5.9).

Figure 5.9: Electric field lines for 11 wires in detector B. The electric field magnitude is
evaluated through a colour scale.

The electric field lines are represented only for 11 wires in the detector B; however, since
the coincidence detector is symmetric, it is equal for detector A (inverted in the y-axis). The
electric field lines have the same behaviour for the other wires, except for the outer ones.
Near the wires the electric field has its maximum value. Analytically, the electric field close
to a long line of charge can be obtained using a Gauss’ law and is given by:

E =
λ

2πrε0
(5.4)

λ is the charge per unit length. The smaller the dimensions of the wire, the higher the
electric field close to it will be. The reduced electric field value near the wires presented in
this section is smaller than the real one due to the impossibility of the programs to represent
infinite spaces. The Elmer electric field calculation is limited by the mesh size. Moreover,
its size near the wires was chosen to have the same magnitude as the distance between
consecutive collisions. In the region between the wires and the cathode plane the field is
more intense than in the region between the wires and the boron plane due to the distance
between both.

The electric field was studied in detail for the operational voltages used in the simulation
(table 5.1). In the following figures, several configurations were used to determine the
reduced electric field value plotted over a line.
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Straight line from the boron plane to the wire

The first configuration is the reduced electric field plotted over a straight line from the
boron plane to the wire, as it is indicated in fig. 5.10 above.

Figure 5.10: Above: geometrical representation of the line in the detector. Below: reduced
electric field (kVcm−1 bar−1) over a straight line from the boron plane (y = 0 mm) to a wire

(y = 8 mm) at atmospheric pressure.

The reduced electric field is zero when y = 0 mm because it represents the boron plane.
In the region between the boron plane and the wire, the electric field is constant. Closer
to the wire, it increases exponentially. In the region near the wire, the electric field is
maximum; however, fig. 5.10 below does not represents that due to software limitations.

Charged particles that are formed in the boron plane drift towards the wires. The drift
region is from y = 0 mm to y ≈ 7 mm (fig. 5.10 below). The multiplication process occurs
near the wires where the reduced electric field is high enough to surpass the ionization
potential; therefore, the multiplication region is from y ≈ 7 mm to y ≈ 8 mm (fig. 5.10
below).

54



Straight line from the cathode plane in detector B to the cathode plane in detector A
between wires

The second configuration is the reduced electric field plotted over a straight line from
the cathode plane in detector B to the cathode plane in detector A passing between the
wires (fig. 5.11 above).

Figure 5.11: Above: geometrical representation of the line in the detector. Below: reduced
electric field (kVcm−1 bar−1) over a straight line from the cathode plane in detector B

(y = −10.5 mm) to the cathode plane in detector A (y = 10.5 mm) passing between the wires
at atmospheric pressure.

Fig. 5.11 below shows three points where the reduced electric field is approximately
zero: the boron plane at y = 0 mm, where there is no reduced electric field inside it, and at
y ≈ −7.5 mm and y ≈ 7.5 mm because of the minimum value that it has in this area (fig. 5.9).
As expected the reduced electric field is constant between the boron plane and the wires.
It is also constant near the cathode planes at y = −10.5 mm and y = 10.5 mm. Additionally,
the reduced electric field is more intense in the latter region (fig. 5.9).
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Straight line from the cathode plane in detector B to the cathode plane in detector A
above the wires

The third configuration is similar to the second: instead of passing between wires, the
line passes through the wires (5.12 above). The reduced electric field is plotted over a
straight line from the cathode plane in detector B to the cathode plane in detector A passing
above the wires.

Figure 5.12: Above: geometrical representation of the line in the detector. Below: reduced
electric field (kVcm−1 bar−1) over a straight line from the cathode plane in detector B

(y = −10.5 mm) to the cathode plane in detector A (y = 10.5 mm) passing above the wires at
atmospheric pressure.

In fig. 5.12 below there is also three points where the electric field is zero: the wires are
at y = −8 mm and y = 8 mm, and the boron plane at y = 0 mm. Inside these materials there
is no electric field and thus it is zero. Compared to fig. 5.11 below, the electric field is also
constant near the cathode planes and between the boron plane and the wires. Additionally,
it is lower in the latter region. The reduced electric field near the wires in fig. 5.12 below is
not the real value due to the reason explained early.
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Straight line from one wire to the consecutive other

The fourth and last configuration is the reduced electric field plotted over a straight line
from one wire to the consecutive other (fig. 5.13 above).

Figure 5.13: Above: geometrical representation of the line in the detector. Below: reduced
electric field (kVcm−1 bar−1) over a straight line from one wire (x = 0 mm) to the consecutive

other (x = 2 mm) at atmospheric pressure.

Again, the reduced electric field close to the wires (x ≈ 0 mm and x ≈ 2 mm) should be
higher than the one indicated in fig. 5.13 below. The reduced electric field decreases as
closer it gets to the middle, and in this point it appears to be approximately zero; however,
it is minimal but not zero. This is due to program limitation in calculating infinite points.
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5.4 Electron drift time

The DriftLineRK class gives the information about the end point of the current drift line,
e.g., electron drift time [74]. The drift time is the time that a electron takes from their point
of origin to the wires. Despite the possibility of simulating the ion drift time, only electron’s
was performed due to the computational effort required. The electron drift velocity is
higher than ion drift velocity and thus the drifting time of ions is expected to be higher.

This simulations were not performed for the totality of events because of the compu-
tational resources needed. Each event has thousands of interactions, which one resulting
in several electrons. This means that the resources required to analyse the drift time of all
electrons are tremendous; therefore, only a representative number of events was selected.
The chosen sample was around 5% of total events, i.e., 700 events, and they were randomly
chosen. Fig. 5.14 represents the histogram of the electron drift time for this case.

Figure 5.14: Histogram of the electron drift time for 700 random events.

From fig. 5.14 the electron drift time increases until a certain value. This value is
indicated and is 168.3 ns. Electrons drift towards the wires with a certain drift velocity,
which depend on the reduced electric field and on the type of gas (equation 5.1). For each
point of the reduced electric field, the drift velocity may be defined; therefore, the maximum
time it takes for an electron to reach the wires is also a concrete value: 168.3 ns. The region
between ∼ 70 ns and ∼ 168.3 ns represent situations were the distance traveled by electrons
is smaller. This may be because of interactions with gas molecules, or the proximity to the
wires of the electron point of origin. Some fluctuations are visible outside of this interval and
symbolize electrons with very small paths in the medium (bellow ∼ 70 ns), and electrons
that for some reason do not go towards the wires (above 168.3 ns).
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5.5 Induced current

The charged particles from the neutron capture reaction generate a free moving charge
q within the detector. The movement of q and its multiplication in the gas induces a charge
Q on an electrode. Then Q is amplified and converted to the output signal. This is the
common principle of radiation detection techniques. The current induced by the drift of
electrons and ions in the wires of detector A and B is calculated using the Shockley-Ramo
theorem [81][82]. It states that the current i on an electrode induced by a moving point
charge q in a position r at a velocity v is given by:

i(t) = −qv · EW(r) (5.5)

where EW is the weighting field, which determines how charge movement couples to a
specific electrode. It is the component of the electric field in the direction of v at the charge’s
instantaneous position, under the following conditions: charge removed, given electrode
raised to unit potential, and all other conductors grounded.

In Garfield++ to simulate the induced current in the wires it is required a component class
(ComponentAnalyticField) and a transport class (DriftLineRKF). In this case, both negative and
positive charges were considered.

A random event was selected, and the induced current in the wires of both detectors A
and B was plotted in fig. 5.15 and 5.16, respectively. The neutron impinges on the position
(0, 0, 0) of the detector, due to the incident position of the neutron beam.

In both fig. 5.15 and fig. 5.16, the induced current as a function of the time is represented.
On the wires nearest to the neutron initial position the induced current is negative (fig. 5.15c,
5.15d, 5.15e, 5.16c, 5.16d, 5.16e) due to the negative charge collected. From the electron drift
lines in fig. 5.4 left, in detector A the electrons move towards the wires on the right, and
in detector B on the left, ergo the induced current on the different wires will translate that
behaviour. The same happens in fig. 5.15 and fig. 5.16, but not so pronounced: on detector
B the current has a higher absolute value on wire 5 and then on wire 6. This means that
the charged particle moved slightly towards the left side. Moreover, the current on wire 5
is higher in absolute because of the track on the particle: it became closer to wire 5 than to
wire 6. In the same detector, wire 7 also shows a negative current due to the electrons that
move to there when in the initial position. In detector A, this behaviour is less perceptible.
In terms of the higher absolute value, wire 5 is the winner; however, its curve is not ideal.
One possible justification is that the track of the charged particle was within the region of
the sixth wire and thus also affected wires 5 and 7.

The furthest wires such as 1, 4, 8, and 11, represent a smaller positive charge due to the
drift of ions. This is a very small current (10−6 f C/ns ∼ pA) that can be considered zero.
Wires 2, 3, 9, and 10 are not illustrated in these figures; however, the same conclusion can
be taken.
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(a) Wire 1 of Detector A

(b) Wire 4 of Detector A (c) Wire 5 of Detector A

(d) Wire 6 of Detector A

(e) Wire 7 of Detector A (f) Wire 8 of Detector A

(g) Wire 11 of Detector A

Figure 5.15: Induced current ( f C/ns) on wires 1, 4, 5, 6, 7, 8, and 11 of Detector A for a
random event as a function of time (ns).
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(a) Wire 1 of Detector B

(b) Wire 4 of Detector B (c) Wire 5 of Detector B

(d) Wire 6 of Detector B

(e) Wire 7 of Detector B (f) Wire 8 of Detector B

(g) Wire 11 of Detector B

Figure 5.16: Induced current ( f C/ns) on wires 1, 4, 5, 6, 7, 8, and 11 of Detector B for a
random event as a function of time (ns).
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5.6 Spatial resolution

To calculate the spatial resolution of the coincidence detector, it is necessary to determine
the signal readout of both readout systems, which is composed by two MWPCs (detector
A and B). Each MWPCs has a set of wires connected by a resistive chain in order to obtain
the one-dimension position of the neutron capture site by the charge division method. This
way, two channels per MWPC are required. This is a much more simpler technique than
using an individual readout for each wire.

The physical detector has 39 wires each connected by 120Ω resistors. The first and
last wire also have a resistor before the output, making a total of 40 resistors. Because
the simulation only considered 11 wires in each detector, it is impossible to determine the
spatial resolution for the 39 wires; however, an assumption can be made. Since all incoming
neutrons are centered in the detector and since the induced current in the wires furthest
from the center can be considered zero (Section 5.5), the calculated position of the neutron
capture site is the same for a detector with 39 wires and 40 resistors, and a detector with 11
wires and 12 resistors. This will be discussed following.

From the simulation detector geometry (Section 5.1.2) each wire has a separation of
2 mm. A resistor is placed at each separation and next to the first and last wires. In both
ends of the resistive chain a charge sensitive pre-amplifier is connected, which converts the
current signals into voltage pulses. A representation of this readout system is in fig. 5.17.

Figure 5.17: Readout system: MWPC. The blue line represents a particle track, the small
orange arrows the induced current in each wire by the electrons, and the orange arrows (I1

and I2) the current in the resistive chain. Each end of the chain is connected to a charge
sensitive pre-amplifier.
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In the charge division method, the current is divided in proportion to the length from
the point at which the wire is triggered. The position in one dimension of the interaction
site is given by:

x =
I2

I1 + I2
L (5.6)

Being I1 the current at one end of the resistive chain, I2 the current at the other end, and
L the width of the MWPC. Given the Ohm’s law: I = V

R , eq. 5.6 can be rewritten:

x =
V
R2

V
R1
+ V

R2

L⇔ x =
1

R2
R1
+ 1

L (5.7)

Being R1 and R2 the resistors sum in the path between the end of the resistive chain and
the location of the triggered wire. If an interaction occurs in the initial left side of the chain:
R2 >> R1 then x ≈ 0; if it occurs on the right side: R1 >> R2 then x ≈ L; if it occurs in the
middle of the chain: R1 = R2 then x ≈ L

2 . Consequently, the left-end of the resistive chain is
the beginning of the coordinate system, i.e., x = 0.

Now it is necessary to calculate I1 and I2. From fig. 5.15 and fig. 5.16, the simulation
gives the current ( f C/ns) per time (ns). To obtain the current in respect to the peak of the
collected charge of the ionizations, it was integrated until 10% of the absolute maximum
value. Then this value was multiplied by the corresponding time, giving the current in each
wire. The currents I1 and I2 are given by:

I1 =

I ·
RN∑

Rn+1

R

Rtotal
I2 =

I ·
Rn∑
R1

R

Rtotal
(5.8)

where N is the total number of resistors, n the resistor number on the left side of the
triggered wire, and n + 1 on the right side of the same wire.

The position x was calculated for all events in the detector A and in the detector B and
then plotted. The graphics were translated for the position coordinates to correspond to
the detector’s coordinates. A gaussian curve was fitted: its parameters are in the following
figures.
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Figure 5.18: Histogram of the estimated positions in detector A from the pre-selected
events. The gaussian curve parameters are in the figure.

Figure 5.19: Histogram of the estimated positions in detector B from the pre-selected
events. The gaussian curve parameters are in the figure.

The FWHM gives the spatial resolution. For detector A it is FWHMA = 0.36 mm, and
for detector B FWHMB = 0.31 mm, both calculated from the gaussian fit. Eq. 2.28 gives
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the minimal theoretical value for the spatial resolution. For a pitch between wires of 2 mm:
σ = 2

√
12
= 0.58mm, which is higher than FWHMA and FWHMB. Consequently, the spatial

resolutions of detectors A and B are not correct. This aspect will be discussed next along
with the spatial resolution of the coincidence detector.

To reconstruct the neutron capture site from the secondary particle’s position in detectors
A and B there are to possible estimations: the arithmetic mean, and the energy weighted
average. The first consists on the arithmetic mean of the estimated positions of each detector
A and B. Equation 5.9 gives the reconstructed neutron capture site by this method.

xcoinc =
xA + xB

2
(5.9)

The energy weighted average consists on weighting the estimated position of the charged
particle in a detector by the energy of the other detected in the opposite detector. Equation
5.10 gives the reconstructed neutron capture position from this technique.

xcoinc =
xAEB + xBEA

EA + EB
(5.10)

Since both secondary particles have different ranges in the detection layer and in the
gas, depending on the location of the neutron capture reaction in the detection layer, one
can have a longer track than the other. If the reaction occurs near the boron surface with
the gas, one particle will escape the layer with higher energy, while the other will have to
go through a substantial thickness of converter and substrate materials; therefore, escaping
with lower energy.

For the symmetric Boron-10 coating, the two formulas produce very similar results [64].
This is because the boron deposited on both sides of the Mylar foil translate to a more
balanced energy deposition in detectors A and B. The arithmetic mean method was used.

The reconstructed neutron capture site was calculated for all events. Again, the graphics
were translated for the position coordinates to correspond to the detector’s coordinates. A
gaussian curve was fitted.
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Figure 5.20: Histogram of the reconstructed positions in the coincidence detector from the
estimated positions of detectors A and B. The gaussian curve parameters are in the figure.

The spatial resolution of the coincidence detector is 0.28 mm (FWHM). This value is
similar to the one estimated from the GEANT4 simulations [64]; however, the latter was
calculated regarding only the position of each interaction and the energy deposited by
the secondary particle there [64] [65]. The estimated position from Garfield++ is obtained
considering the induced signal produced by each event in each detector A and B, and thus
should be more realistic.

The pre-selection of events consisted on: having coincidence in detectors A and B,
having a particle’s energy higher than the threshold energy (100 keV) along its track, and
having some movement after each interaction with the gas particles. This means that the
simulation was performed with the less energetic charged particles that escaped from the
Boron-10 layer and the mylar substrate and that are within the pre-selected events. From
the interactions between the particles and the gas particles, the first deposits all its energy
in the material. If its energy is low since it escapes the detection layer, it is lost more rapidly;
therefore, the particle travels a lower distance inside the material, i.e., has a lower range.
Since particles are expected to escape the detection layer near the (x,y) position (0,0), which
is the neutron incident site, its reconstructed position is a gaussian curve centered around
(0,0) with a very small FWHM due to the small range.

Other important factor is the low statistic derived from the low number of pre-selected
events from GEANT4 simulations [64]: the intrinsic detection efficiency obtained from this
selection is 1.33%.

66



Chapter 6

Experimental setup

6.1 Detector

The Coincidence Detector is composed by two cathode planes, two MWPCs as readout
systems, and a detection layer, and is filled with Ar:CO2. The detector is symmetric in
respect to the detection layer in order to achieve its working principle to reconstruct the
neutron capture site.

The cathode are 100 × 100 mm2 aluminium planes with a thickness of 3 mm. It was
the chosen material due to its robustness at this thickness and due to its transparency to
neutrons.

The detection layer is a 0.5 µm enriched 10B4C coating deposited on each side of the
0.9 µm Mylar foil. Its effective area is around 100 × 100 mm2, and it is placed in a frame.

The two readout systems consist on two MWPCs. Each has 39 wires with a gap between
them of 2 mm. The wires are connected by 38 resistors and 2 are added before the first and
after the last wire, making a total of 40 120Ω resistors. The wires are 100 mm long and made
of gold-coated tungsten with a diameter of 50 µm; therefore, the detection layer as an active
area of 100 × 100 mm2. The wires and the resistors are placed on a G10 frame. The resistors
are covered in tape to protect them and the wire connection from external influences. A
photograph of a single MWPC is present in fig. 6.1.

The detector is protected inside a stainless steel vessel with lateral inlets and outlets on
opposing sides for the gas to flow through the detector. The detector structure is mounted
on four pillars to allow flexibility to change its layout: the distance between the planes can
be increase or decreased, and other components can be added if necessary.
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Figure 6.1: Photograph of one of the two MWPC: 39 wires with a pitch of 2 mm between
them connected with 40 120 Ω resistors. The resistors are covered in tape.

6.2 ICNAS and experimental setup

Neutron sources are limited, and thus difficult to access. Besides the sources explained
in Section 2.2.1, cyclotrons can also be used as a source of protons to generate neutrons.

ICNAS (Institute for Nuclear Sciences Applied to Health) is a research facility of the
University of Coimbra. It congregates the main medical imaging modalities (PET, MRI, CT,
EEG) in the same building, including cyclotron and radiochemistry facilities. The facility
has two cyclotrons for the production and investigation of radionuclides and radiopharma-
ceuticals [83]. One cyclotron is the Cyclone KIUBE [84] from IBA (Ion Beam Applications).

Neutrons are emitted in the production of the radionuclide 18F. In the cyclotron it is
produced by the 18O(n, p)18F reaction, where protons are accelerated until reaching an
energy of 18 MeV into a liquid enriched 18O water target. This process emits fast neutrons
with an energy range up to 15 MeV, approximately, and a peak centered at 1 MeV [85].
For this energy range, neutron moderation is required. The simpler way of doing so is
through hydrogen, e.g., hydrogenous materials. The process of producing 18F also emits
gamma-rays isotropically with high intensity and with an energy range up to 10 MeV,
approximately [85].

Because of radiation, the cyclotron is inside a bunker. For the same reason, only the
pre-amplifier was installed near it. The remaining components, such as the HV power, and
the computer, were placed outside of the bunker due to radiation damage. The filling gas
used was Ar:CO2 (80:20), and its bottle was also placed outside. The electric cables and the
gas tubes passed under the floor to the inside of the bunker.

68



Figure 6.2: Experimental setup at ICNAS for irradiation neutrons from the KIUBE
cyclotron moderated by hydrogenous material placed between the detector and the

cyclotron.

Before starting the measurements, the gas flow was opened for about one hour to purify
the gas inside the detector. After that, the cyclotron was switched on. Due to radiation high
levels inside the bunker, irradiation times must be kept as minimal as possible for safety
reasons. Increasing this time will increase the radiation, and consequently the waiting time
before entering the bunker. For this reason, the switched-on time was kept minimal.

6.3 Results

Because it is not possible to polarize the pre-amplifier used, the applied voltages were:
the wires at ground potential, the boron planes at a negative HV, and the cathode planes
at a higher negative HV. Table 6.1 indicates the applied voltages in the detector during the
tests.

Wire voltage (V) Boron plane voltage (V) Cathode voltage (V)
0 -900 -1200

Table 6.1: Wire, boron plane, and cathode voltages applied in the detector for the
experimental setup.

During operation, the detector was kept stable without electrical discharges. The PHS
was acquired in four locations: in the two outputs of detector A (up and down), and in the
corresponding two outputs of detector B (up and down also). Fig. 6.3 represents the two
PHS of both detectors.
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Figure 6.3: PHS acquired for the four pre-amplifiers with the proton beam switched on.
First row: PHS’s corresponding to the two outputs in detector A, up (left) and down

(right); second row: PHS’s corresponding to the two outputs in detector B, up (left) and
down (right).

The KIUBE cyclotron produces neutrons, but also gamma-rays. These are emitted
isotropically with high intensity. Consequently, in this environment the background signal
was considerable: added to the electronic noise, the gamma interaction rate in the detector
was excessively high. Comparing to neutrons, the gamma-ray counting rate was far supe-
rior, superimposing with the signal from neutron detections (fig. 6.3). It was not possible to
observe a energy peak corresponding to a coincidence event, i.e., a simultaneous detection
of an α-particle and a 7Li ion of a neutron capture reaction.
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Chapter 7

Conclusion and future work

A simulation of signals in the coincidence detector based on the interaction of neutrons
was performed using Garfield++. The intrinsic detection efficiency is 1.33% obtained from
the pre-selection of events of GEANT4 simulations. A gain study was done in order to
optimize the applied voltage in the wires, in the boron plane and in the cathode plane. First
the gain dependence on the applied voltages was analyzed by varying the wire and the
boron plane voltage separately. The optimal voltages are 3000 V in the wires, 1000 V in the
boron plane, and 0 V in the cathode, corresponding to a gain of 1213.32. Next a study of the
gain dependence on the electron initial position was also done. When it is launched along
the y-axis, the gain has a minimal variation; however, along the x-axis that is not the case.
If the electron’s initial position is directly above the wires, the gain is 1213.31; if it is directly
between two wires, the gain is 1365.26. The relative error between the two is 11.11%.

The electric field is critical to a good detector performance; therefore, four regions were
evaluated: between the boron plane and the wires, along the y-axis of all detector passing
between the wires and right above the wires, and between two consecutive wires. As
expected, the reduced electric field increases in the wire’s neighborhood, being maximum
near it. Close to the boron and the cathode plane, the reduced electric field is constant.
Related to the electric field, the electron drift time was found to have a maximum value of
168.3 ns. This value corresponds to the distance between the electron point of origin and
the wire.

The drift of electrons and ions inside the detector induces a current on the wires. On the
ones nearest to the neutron incident position, the induced current is negative and higher
in absolute because of the negative charge collected and the multiplication process in this
region. The furthest wires represent a smaller positive charge due to the drift of ions, which
can be neglected.

Finally, the neutron interaction site and the spatial resolution were determined. The
FWHM of detector A is 0.36 mm, and of detector B is 0.31 mm. The reconstruction of the
neutron capture site was performed through the arithmetic mean of the estimated position
in each detector A and B. The spatial resolution of the coincidence detector is 0.28 mm;
however, this is not a realistic value. From the pre-selection of events, only the ones with
lower energies were chosen. This selection translates to a smaller particle range in the gas
medium, meaning that particles will not go far from their point of origin, inducing an error
in the reconstructed position. Other factors may have influenced the spatial resolution:
the method to reconstruct the neutron capture site, and the low statistic derived from the
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low number of pre-selected events. To improve the simulation work, the incident neutron
position should be reconstructed using the energy weighted average method. This way
there will be a balance between the particles’ path and its deposited energy in the gas. Since
it is difficult to increase the number of pre-selected events without repeating the GEANT4
simulations, a study of the secondary particles’ energy and its ranges should be helpful to
understand its limitations.

The coincidence detector was tested at ICNAS, which is a research facility of the Univer-
sity of Coimbra. ICNAS has a cyclotron for production of radionuclides and radiopharma-
ceuticals. From this process fast neutrons and gamma-rays are emitted. After equipment
configuration and neutron moderation, the detector was tested. The high gamma-ray in-
teraction rate, did not allow the visualization of neutron detection; therefore, other neutron
source must be used. For future testing the ideal is to use a neutron source with less intense
gamma-ray background, and with a well characterized neutron beam, such as the SINQ
facility at PSI, Switzerland.
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