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Abstract

Neutron scattering techniques play a critical role in advancing scientific knowledge in physics,

chemistry and biology as well as boosting technological innovations across medical and mate-

rial research, homeland security and cultural heritage conservation. One common need for all

neutron scattering science applications is a detector capable of detecting the neutrons that are

transmitted through, reflected by or scattered in the sample. For a long period of time, 3He-

based detectors were the gold standard in neutron scattering science. However, with the 3He

supply crisis starting in 2001 due to the United States’ vast use of neutron detectors in homeland

security, the demand for 3He quickly rose, until surpassing the supply in 2009. The resulting

high cost of 3He made the construction of large-area detectors based on this isotope econom-

ically not feasible. To reduce the dependency on 3He in neutron scattering science, attention

was redirected to finding alternative detection technologies.

A novel concept of a thermal/cold neutron detector based on the 10B-RPC technology, called

the nRPC-4D, is presented in this dissertation thesis. The big goal of the project ongoing

in LIP is to demonstrate that an nRPC-4D detector can provide a four-dimension readout

capability (XYZ and time) of the neutron events with submillimetre positional and ns-scale

timing resolution, making it a competitive alternative compared with the performance of the

current state-of-the-art neutron detectors. Aligned with this goal, the main objectives of the

work on this thesis were to construct such a detector prototype and perform its characterisation

with thermal neutrons. My main efforts during this work consisted in the assembly of an

nRPC-4D detector prototype, the development of data processing tools, and the subsequent

data analysis of the experimental results.

A detector prototype was assembled, tested and shipped to the Paul Scherrer Institute (PSI)

for characterisation at the neutron beamline. The counting rates measured from each module

matched well the Monte Carlo simulation results, demonstrating a good prediction power of the

developed simulation model. The detector was able to accurately identify the XY (across the

beam) and Z (along the beam) position of the neutron events. The precision of the Z coordinate

determination is significantly improved compared to the previous generation of the 10B-RPC
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detectors. It was also demonstrated that the detector is capable to reliably measure the neutron

time of flight by recording the neutron wavelength spectrum at the beamline and comparing

it with the known data. These experimental results demonstrate that the developed detector

concept is a strong candidate to be applied in designing the next generation instruments for

TOF neutron diffraction, macromolecular neutron crystallography, and energy-resolved neutron

imaging.

Keywords

• Thermal Neutron Detectors, Resistive Plate Chambers, Boron-10 converters, Neutron

Scattering Science, European Spallation Source
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Resumo

As técnicas de dispersão de neutrões desempenham um papel fundamental no avanço do conhec-

imento cient́ıfico em áreas tão diversas como a f́ısica, qúımica e biologia, bem como, no impul-

sionar a inovação tecnológica na medicina, no desenvolvimento de novos materiais, na segurança

interna e na conservação do património cultural. A viabilidade destas técnicas, acesśıveis apenas

em instalações de neutrões de grande escala, só é posśıvel através da utilização de detectores

capazes de detectar os neutrões transmitidos, refletidos ou dispersos pelas amostras. Durante

um longo peŕıodo de tempo, os detectores usados para aplicações na ciência de dispersão de

nêutrons eram baseados na tecnologia de detecção do Hélio-3. Com a crise de fornecimento de

Hélio-3 iniciada em 2001, e motivada pelo uso massivo deste isótopo na construção de detectores

de neutrões para fins de segurança interna, nos Estados Unidos da América, a procura ultrapassa

a oferta por volta de 2009. O elevado custo do Hélio-3 tornou economicamente inviável a con-

strução de detectores de grandes áreas baseados neste isótopo. De modo a reduzir a dependência

do Hélio-3 em aplicações na ciência da dispersão de neutrões, têm vindo a ser envidados esforços

no sentido de desenvolver tecnologias de detecção alternativas tendo em vista a sua substituição.

Nesta dissertação é apresentado um novo conceito de detetor de neutrões térmicos/frios

baseado na tecnologia 10B-RPC, e denominado de nRPC-4D. O principal objetivo do projeto

em curso no LIP, é demonstrar que um detetor nRPC-4D tem capacidade de detectar e realizar

a leitura de eventos de neutrões a quatro dimensões (XYZ e tempo), e com resolução posicional

submilimétrica e temporal da ordem do ns, fazendo deste tipo de detector uma alternativa

com um desempenho competitivo em comparação aos actuais detectores de neutrões de última

geração. Integrado neste projecto, os principais objectivos do trabalho desta tese de dissertação

foram, o desenvolvimento e construção de um protótipo de detetor e a sua caracterização em

feixe de neutrões com vista à prova de conceito. A minha principal contribuição para este

projecto consistiu na participação da construção de um protótipo de um detector nRPC-4D,

no desenvolvimento de ferramentas de processamento de dados e na subsequente análise dos

resultados experimentais obtidos nos testes em feixe de neutrões.

Depois de constrúıdo, e testado, enviou-se o protótipo para o Paul Scherrer Institute para
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caracterização em feixe de neutrões. Resultados experimentais dos testes demonstram que, as

taxas de contagem em cada módulo de detecção que constituem o detector nRPC-4D, exibem boa

concordância com os resultados da simulação de Monte Carlo, demonstrando a boa capacidade de

previsão do modelo de simulação desenvolvido. É ainda demonstrada a capacidade do detector

para identificar com precisão a posição XY e Z (direção do feixe) dos eventos de neutrões. A

precisão com que é determinada a coordenada Z foi significativamente melhorada relativamente

à anterior geração de detectores baseados nas 10B-RPCs. Também é demonstrada a capacidade

do detector para medir, de forma fiável, o tempo de voo dos neutrões, e com isso, determinar

o seu espectro de comprimento de onda do feixe. Estes resultados experimentais demonstram

que o conceito de detector desenvolvido se apresenta como um forte candidato a ser aplicado

na concepção de detectores para a próxima geração de instrumentos para difração de neutrões

em TOF, cristalografia macromolecular com neutrões, e imagiologia de neutrões resolvida em

energia.

Palavras-Chave

• Detectores de Neutrões Térmicos, Câmara de Placas Resistivas, Conversor Boron-10,

Ciência de Disperção de Neutrões, European Spallation Source
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Chapter 1

Introduction

1.1 Overview and Motivation

Due to their unique set of properties, such as being highly penetrating, non-destructive, having

a wavelength similar to atomic distances and possessing magnetic moment, neutrons play a

fundamental role as probing agents in the study of the structure and properties of matter

across a wide range of scientific fields, in what is known as neutron scattering science. Neutron

scattering techniques like spectroscopy, diffraction, reflectometry, small angle scattering and

imaging allow us to explore and understand the fundamental and applied aspects of matter in

its various forms and applications. They play a critical role in advancing scientific knowledge in

physics, chemistry and biology as well as boosting technological innovations across medical and

material research, homeland security and cultural heritage conservation [1]. One common need

for all neutron scattering science applications is a detector capable of detecting the neutrons

that are transmitted through, reflected by or scattered in the sample.

Large-scale neutron science facilities, established worldwide, such as the Institut Laue-

Langevin (ILL) in France, Neutron and Muon Source (ISIS) in England, Research Neutron

Source Heinz Maier-Leibnitz (FRM II) in Germany, Paul Scherr Institut (PSI) in Switzerland

and the Spallation Neutron Source (SNS) in the United States of America, provide researchers

access to neutron beams and state-of-the-art instruments. Currently, new neutron science fa-

cilities, such as the European Spallation Source (ESS) [2] in Sweden, are continuously pushing

for improved flux rates, resulting in the need for more advanced instrument performance, such

as increased count rate capability, better timing precision. Additionally, the existing facilities,

such as the ones referred above, also require a continuous upgrade to their set of instruments

[3][4].

As neutron detectors are crucial components in neutron scattering science, researchers strive
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to develop more effective and efficient neutron detection methods. However, this is a challenging

task. The detection of neutrons presents two primary challenges. The first is that neutrons

do not produce direct ionisation or generation of light, which are essential processes in most

radiation detectors. The second challenge arises from the fact that thermal or cold neutrons do

not generate observable collisional recoil. As a result, neutrons must be detected indirectly via

a nuclear reaction that can generate ionising particles. Only a few isotopes have a significant

cross section for these reactions, and the ones with the most practical interest for detection

applications are 3He, 10B, 6Li and 155,157Gd.

3He has one of the highest neutron absorption cross sections and can operate at high pressure,

making it an excellent neutron converter for robust, efficient, and long-lived neutron detectors

[4]. For a long period of time, 3He-based detectors were the gold standard in neutron scattering

science. However, with the 3He supply crisis starting in 2001 due to the United States vast use

of 3He-based neutrons detectors in homeland security, the demand for 3He quickly rose, until

surpassing the supply in 2009 [5]. The resulting high cost of 3He made the construction of large-

area detectors based on this isotope economically not feasible. To reduce the dependency on 3He

in neutron scattering science, attention was redirected to find alternative detection technologies.

During the last decade, the main three development lines were based on BF3-filled detectors

[6], neutron sensitive scintillation technology [7] and gaseous detectors with solid 10B or gadolin-

ium neutron converters [8][9]. BF3 being in a gaseous form was seen as a direct replacement for

3He. However, due to its toxicity and inability to operate at high pressures, research with BF3

filled detectors was discontinued and even outlawed in European facilities [4].

Scintillation detectors typically use scintillators loaded with 6Li that are either directly cou-

pled to photosensors or connected through wavelength shifting fibres. Detectors with such

scintillators can provide short decay times of about 70 ns and detection efficiencies of more than

50%. However, they have weak neutron/gamma discrimination, are difficult to scale to large

areas while maintaining a spatial resolution of less than 1 mm and their cost per unit area is

very high [10]. ZnS:Ag/6LiF scintillators are commonly used at neutron facilities, but their long

afterglow of around 100 us limits the count rate, and their spatial resolution is usually above 1

mm [7].

The gas-filled detectors use 10B or 155,157Gd solid converters and are implemented either in

multi-wire chambers (MWPC) [11], Multi-Blade counters [12] or gas electron multipliers (GEM)

[13][14]. MWPCs with B4C converters can achieve good detection efficiency, however, they are

limited in counting rate and the intrinsic spatial resolution is typically above 3 mm.

Multi-Grid detector is made of several layers of counter voxels with B4C coating on the
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inner side. The detection efficiency can reach 50%, however, the spatial resolution is quite low

(2.5 cm FWHM), which is limited to the voxel size. GEMs with B4C converter layers can offer

high counting rates but the spatial resolution cannot reach the submillimetre scale [13]. GEMs

with a single converter layer of natural Gd can offer a spatial resolution of about 1 mm, but

the detection efficiency is low (< 15%), and the sensitivity to gamma rays is extremely high

(> 10−3).

Although remarkable progress was achieved, the current state-of-the-art neutron detectors

are still unable to meet the requirements set for modern instruments in neutron scattering science

experiments planned for the European Spallation Source (ESS), the future spallation sources [3],

the upgrade programs of the existing facilities and to replace 3He without a loss in performance

and a significant increase in costs [4].

Motivated by this, a group from LIP-Coimbra introduced the 10B-RPC neutron detection

technology to be an alternative to 3He-filled position-sensitive detectors. The 10B-RPCs combine

hybrid double gap resistive plate chambers (RPC) lined with 10B4C neutron converters [15]. It

was already experimentally demonstrated that a 10B-RPC based detector can reach a detection

efficiency of ≈62.1% for neutrons with λ=4.7 Å and a spatial resolution of ≈0.25 mm FWHM

[16].

In order to meet the requirements for experiments that demand both position and timing

readout, such as time-resolved neutron imaging [17], our group at LIP-Coimbra proposed a

novel concept of a thermal/cold neutron detector based on the 10B-RPC detection technology

with four-dimension readout capability (XYZ and time), named nRPC-4D [18]. Based on the

previous results with 10B-RPCs and the intrinsic timing capabilities of RPCs, the detector has

a potential to reach sub-millimeter spatial resolution, a detection efficiency higher than 50% for

thermal neutrons, and time resolution down to the nanosecond scale.

1.2 Objectives

The work reported in this thesis was performed in the frame of the ongoing nRPC-4D project

at the LIP laboratory in Coimbra. The main goal of this project is to develop a 10B-RPC based

detector concept for cold and thermal neutrons, which can simultaneously offer submillimetre

spatial resolution, nanosecond scale time resolution, good detection efficiency (> 50%), high

counting rate (> 105 counts/cm2/s) and low sensitivity to gamma rays (< 10−5). This set of

features is a requirement for the next generation time-of-flight (TOF) neutron diffraction/re-

flectometry and energy- and time-resolved neutron imaging instruments planned for large-scale

neutron facilities, and in particular for the European Spallation Source (ESS).
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The objectives of this master’s thesis were to develop the nRPC-4D detector concept and

construct a prototype, develop data processing tools, and the subsequent evaluation and analysis

of the results of the experimental tests recently conducted on a neutron beam at the Swiss

Spallation Neutron Source (SINQ) at PSI.

1.3 Thesis Structure

This document is structured into eight chapters.

• Chapter 2 (Interaction of Radiation with Matter) discusses the fundamental physics prin-

ciples of the interaction of radiation (charged particles, gamma-rays and neutrons) with

matter.

• Chapter 3 (Resistive Plate Chambers) presents an overview of the standard RPC design

and its operational principles.

• Chapter 4 (The 10B-RPC Technology) describes the basic concept of the 10B-RPC thermal

neutron detection technology that combines RPCs with 10B4C neutron converters.

• Chapter 5 (The nRPC-4D Detector Concept) presents a novel thermal neutron detector

concept based on the 10B-RPC technology with four-dimension readout capability (XYZ

and time).

• Chapter 6 (The nRPC-4D Detector Prototype) reports on the construction of the first

detector prototype based on the nRPC-4D concept.

• Chapter 7 (Prototype Tests on a Neutron Beamline) gives a detailed description of the

experimental setup and the results of the tests performed at the SINQ neutron spallation

source at PSI.

• Chapter 8 describes the main conclusions and gives an outlook for the future work.

1.4 My Personal Contribution

In this master thesis, my personal contributions to the project are presented in chapters 6 and

7. I have conducted the following work:

• Construction of the 10B-RPC modules;

• Establishing connections between the pickup strips and cathodes to the front end electron-

ics and the triggering boards and assembly of the detector prototype;

4



1.4. My Personal Contribution

• Development of an algorithm which computes the mapping of the pickup strips depending

on the number and positioning of the front-end electronic boards used in a particular

experiment. I have also implemented this algorithm in the software framework developed

in the group for analysis of the detector output;

• Development of an algorithm which classifies neutron events (neutron or background);

• I was responsible for the analysis of the experimental data acquired on the neutron beam-

lines at PSI.

The work in the frame of this project has resulted in the following publication in an inter-

national peer-reviewed journal:

• Timing resistive plate chambers for thermal neutron detection with 3D position sensitivity.

Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrom-

eters, Detectors and Associated Equipment, Volume 1052, 2023, 168267, ISSN 0168-9002,

https://doi.org/10.1016/j.nima.2023.168267. L.M.S. Margato, G. Canezin, A. Morozov,

A. Blanco, J. Saraiva, L. Lopes, P. Fonte.

The results obtained over the course of this thesis were also orally presented by me at the

following national conference:

• A novel neutron detection technology based on timing RPCs. 5th Doctoral Congress in

Engineering, Symposium on Engineering Physics, 2023. G. Canezin, L. Margato, A.

Morozov, A. Blanco, J. Saraiva, L. Lopes, P. Fonte.
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Chapter 2

Interaction of Radiation With

Matter

The operation of any radiation detector is based on how the radiation to be detected interacts

with the materials of the detector. Understanding the operation of a specific type of detector

must thus rely on the fundamental principles of the interaction of radiation with matter. For

neutron detectors, the most relevant interactions are with charged particles, gamma rays, and

neutrons.

As a result of the electric charge carried by the particle, charged particles continuously

interact through the coulomb force with the electrons present in any medium through which

they pass. On the other hand, uncharged particles such as gamma rays and neutrons are not

subjected to the coulomb force. These particles must first undergo an interaction that drastically

alters their properties in a single encounter, resulting in the full or partial transfer of energy to

the electrons/nuclei of the atoms or to the products of the triggered nuclear reaction.

2.1 Charged particles interaction

Energy loss by the particle and the deflection of the particle from its incident direction are two

principal effects that influence the passage of charged particles through matter. These effects are

mostly the result of the electromagnetic interactions with the atomic electrons of the material

and scattering from nuclei. These reactions occur almost continuously in matter, and their

cumulative result accounts for the principal effects observed.
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2.1.1 Heavy charged particles

The interaction of heavy charged particles such as protons and α particles with matter is prin-

cipally mediated by coulomb forces between their charge and the charge of the orbital electrons

within the absorber atoms. Interactions with the nuclei are also possible, although they are

usually negligible regarding the detector’s response. Instead, charged particle detectors must

rely on the results of interactions with atomic electrons, which are almost solely responsible for

the energy loss of heavy charged particles in matter.

As a positively charged heavy particle enters the interacting medium, the electrons are

attracted by the electromagnetic force as the incoming particle passes its vicinity. Depending

on how close this encounter is, the interaction might be enough to raise the electron to a higher-

lying shell of the atom of the medium (excitation) or completely eject the electron from the

atom (ionisation). The energy transferred from the incoming particle to the electron results in

a decrease in the particle’s momentum.

The product of these encounters in the absorber are either excited atoms or electron-ion pairs.

Each pair comprises a free electron and the corresponding positive ion of an absorber atom, from

which the electron has been totally removed. The electron-ion pairs have a natural tendency

to recombine to form neutral atoms, but in the case of gaseous detectors, this recombination is

suppressed by applying an electric field so that the ion pairs may be used as the basis of the

detector response.

The energy loss per unit length of a charged particle inside the absorbing material depends

on the velocity and charge of the incoming particle and the target material’s atomic number

and electron density. This quantity is known as the stopping power or simply dE/dx, and it was

first calculated by Bethe [19] using classical terms and later by Bloch and others using quantum

mechanics [20]. The formula obtained is then

−dE

dx
=

4πe4z2

m0v2
NB (2.1)

B ≡ Z

[
ln

2m0v
2

I
− ln

(
1− v2

c2

)
− v2

c2

]
In these expressions, v and z are the velocity and charge of the primary particle, N and Z

are the number density and the atomic number of the absorber atoms, m0 is the electron rest

mass, and e is the electronic charge. The parameter I represents the average excitation and

ionisation potential of the absorber and is normally treated as an experimentally determined

parameter for each element.
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This equation, known as the Bethe formula, describes the energy loss for heavy charged

particles such as α particles or other heavier nuclei. The Bethe formula is not applicable at

low particle energies where charge exchange between the particle and absorber becomes impor-

tant. The positively charged particle will then tend to pickup electrons from the atoms, which

effectively reduces its charge and, consequently, its stopping power. At the end of its track, the

particle becomes a neutral atom.

Figure 2.1 shows the stopping power (dE/dx) for protons of 5 MeV in water as a function of

the path length, also known as the Bragg curve. It can be seen that as the proton slows down

inside matter, the rate of energy loss (stopping power) varies with its kinetic energy, reaching a

maximum near the end of its range. The observed peak is also known in the literature as the

Bragg peak [21], playing a fundamental role, e.g., in hadron therapy [22]. Towards the very end

of the particle range, the dE/dx falls abruptly, and corrections to the Bethe formula have to

take into account the exchange of charge between the particle and the medium [23].

Figure 2.1: Stopping power for protons of 5 MeV in water as a function of the path length.

If we assume the energy loss to be a continuous function, we can define the particle range,

which is the average distance a particle can travel inside a material before stopping. The latter

depends on the type of material, its density, phase of matter, the kind of particle and its energy.

The energy loss is a stochastic process, so, e.g., two identical particles with the same initial

energy will suffer different energy losses [24].

2.1.2 Electrons and positrons

In the same way as heavy charged particles, electrons and positrons lose energy by scattering

when passing through matter. For the Bethe formula to be applicable, two modifications must

be made. First, Due to their small mass, it cannot be assumed that the incident particle
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remains undeflected during the collision process. Second, when dealing with interactions between

identical particles for electrons or positrons, the quantum-mechanical calculation has to consider

them indistinguishable. If the calculations are re-done by taking these two factors into account,

the Bethe formula becomes,

−
(
dE

dx

)
c

=
2πe4NZ

m0v2

(
ln

m0v
2E

2I2 (1− β2)
− (ln 2)

(
2
√

1− β2 − 1 + β2
)

+
(
1− β2

)
+

1

8

(
1−

√
1− β2

)2) (2.2)

where β = v/c.

Electrons (or positrons) also differ from heavy charged particles in that energy may be

transferred by radiative processes as well as by coulomb interactions. These radiative losses

take the form of electromagnetic radiation, known as bremsstrahlung, which can happen from

any position along the electron track. In classical terms, this can be understood as radiation

arising from the acceleration of the electron (or positron) as it deflects from its straight trajectory

by the electrical field of the nucleus. The specific energy loss for this process is given by,

−
(
dE

dx

)
r

=
NEZ(Z + 1)e4

137m2
0c

4

(
4 ln

2E

m0c2
− 4

3

)
(2.3)

The yield from heavy charged particles is negligible as indicated by the presence of the m2
0

factor in the denominator of the multiplicative term in Equation 2.3. The factors of E and Z2

in the numerator of Equation 2.3 show that radiative losses are most important for high electron

energies and for absorber materials of large atomic numbers.

The total linear stopping power for electrons and positrons is then given by the sum of the

collisional and radiative losses,

dE

dx
=

(
dE

dx

)
c

+

(
dE

dx

)
r

(2.4)

2.2 Gamma-Rays

When it comes to interacting with matter, gamma-rays behave differently than charged particles.

The main interaction processes of gamma-rays with matter of interest for radiation detectors

are: photoelectric absorption, Compton scattering, and pair production.
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2.2.1 Photoelectric absorption

A photon can undergo an interaction with an absorber atom, ejecting an energetic photoelectron

from one of its bound shells. This process is called photoelectric absorption [25], and the

interaction is with the atom as a whole, not with a free electron. The energy of the emitted

electron is given by,

Eb = hν − Ee. (2.5)

where Eb is the binding energy of the photoelectron in its original shell and hν represents the

photon’s energy. The photoelectron carries off most of the original photon energy for gamma-ray

energies of over a few hundred keV.

The ionised atom returns to the fundamental state through two competitive processes: emis-

sion of characteristic X-rays and emission of Auger electrons [26]. In the first case, the vacancy

left in the inner shell of the atom is occupied by an electron from an outer shell and the excess

energy is released as an X-ray photon; in the second case, there is a rearrangement of electronic

shells, resulting in the emission of one of the external electrons.

The absorption cross section at the K shell for gamma-rays can be written as,

σK
photo =

(
32

α7

)1/2

α′Z5σTh, (2.6)

where α is the photon energy in units of the stationary electron energy, α′, is the fine-structure

constant, Z is the absorber atomic number, and σTh is the Thomson scattering cross-section

[27].

Due to their low energy, auger electrons typically have a short range in the detection medium

and are absorbed. Characteristic X-rays, on the other hand, can travel some distance before

they interact again through the photoelectric effect, involving less tightly bound shells, and be

reabsorbed, and therefore escaping the detection medium. In the latter case, a smaller energy

peak appears in the energy spectrum, the so-called escape peak.

2.2.2 Compton scattering

In Compton scattering [28], the incident gamma-ray photon interacts with an electron of an atom

of the detection medium. The incident gamma-ray photon is deflected through an angle with

respect to its original direction. A fraction of its energy is transferred to the recoil electron.

Although electrons are bound to the atom nucleus, if the gamma-ray energy is significantly

higher than the binding energy, this latter energy can be disregarded and the electrons can be
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treated as essentially free.

The equation that relates the energy transfer and the scattering angle for any given direction

can be derived from the equations for energy and momentum conservation. Considering the

scheme of Figure 2.2 in the laboratory reference frame, the following relations can be obtained

hν ′ =
hν

1 + γ(1− cosϕ)
,

T = hν − hν ′ =
γ(1− cosϕ)

1 + γ(1− cosϕ)
,

cosϕ = 1− 2

(1 + γ)2tan2θ + 1
,

cosθ = (1 + γ)tan
ϕ

2
,

where γ = hν/mec
2 and T is the recoil energy.

Figure 2.2: Geometry of Compton Scattering showing the directions of the scattered photon
and electron with respect to the direction of the incident photon. Taken from [29].

The angular distribution of scattered gamma-rays is predicted by the Klein-Nishina formula

for the differential scattering cross section [30],

dσ

dΩ
=

Zr2e
2

1

[1 + γ(1− cosϕ)]2

[
1 + cos2ϕ+

γ2(1− cosϕ)2

1 + γ(1− cosϕ)

]
(2.7)

where re is the classical electron radius. The probability per electron for a Compton scattering

to occur is given by integrating the formula above over dΩ,

σc = 2πZr2e

{
1 + γ

γ2

[
2(1 + γ)

1 + 2γ
− 1

γ
ln(1 + 2γ)

]
1

2γ
ln(1 + 2γ)− 1 + 3γ

(1 + 2γ)2

}
. (2.8)

The Compton scattering probability exhibits a dependence with the energy of the incident

photon and also with the atomic number of the material. This probability tends to be lower for
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low-energy gamma rays since the photon may not have enough energy to dislodge electrons from

their bound states within atoms. As photon energy increases, the likelihood of interaction rises,

resulting in more prominent scattering phenomena. The probability of Compton scattering is

enhanced by materials containing atoms with a higher atomic number due to the higher number

of electrons available for the interaction.

2.2.3 Pair production

When an incident gamma-ray has at least 1.022 MeV (twice the rest mass energy of an elec-

tron), it is energetically possible that this photon is converted into an electron-positron pair.

This interaction can only occur in the presence of a third body so that the momentum can be

conserved, usually in the nucleus’s Coulomb field.

In general, the effective cross sections for the pair production in the field of a nucleus or an

orbital electron have the following form,

σpair = α′r2eZ
2P (ϵ, Z) (2.9)

where α′ is the fine structure constant, re is the classical electron radius, Z is the absorber atomic

number, and P (ϵ, Z) is a function that depends on the atomic number and the photon energy

divided by the electron rest mass ϵ [27].

Figure 2.3: Creation of an electron and positron pair via pair production. Taken from [31].

2.2.4 Gamma-ray Attenuation

If we consider a transmission experiment, where monoenergetic gamma rays are collimated into

a narrow beam incident on an absorber of a certain thickness, the beam intensity at the exit of

the absorber is attenuated by a certain factor due to the interaction of photons in the material

through the processes described above. The beam attenuation depends on the energy of the
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incident photon, the mass density and the atomic number of the material as described by the

Beer-Lambert law [32],

I(x) = I0 exp(−µx)

where I0 is the incident beam intensity, x is the material thickness, and µ is the absorption

coefficient.

The total probability for a gamma-ray to interact with matter is the sum of the individual

cross-sections of the previously mentioned processes

σtotal = σph.el + σCompt + σpair

The absorption coefficient is then obtained by multiplying the total cross-section by the

density of atoms,

µ = Nσ = σ(Naρ/A) (2.10)

Where Na is Avogadro’s number, is the density of the material, and A is the molecular

weight. As an example, it is shown in Figure 2.4 the absorption coefficient for each one of the

photon interaction processes in lead as a function of the gamma rays energy. The photoelectric

effect is dominant at low energies, Compton scattering is the main effect at energies around 1

MeV, and pair production prevails at higher energies.

Figure 2.4: Linear absorption coefficient µ in lead as a function of the γ-ray energy for different
processes. Taken from [33].
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2.3 Neutrons

Neutrons are electrically neutral and, therefore, do not interact with the electrons of the atom,

but rather with its nucleus with the interactions being mediated by the strong force. Due to

the short range of the interaction, they penetrate much deeper into matter when compared

to charged particles. Neutrons are also more sensitive to light atoms like hydrogen and are

scattered differently by isotopes of the same element. Additionally, as a result of the magnetic

moment of their constituent quarks, they are also sensitive to the magnetic spins of both nuclei

and electrons, allowing probing magnetic properties of materials. These unique features of the

neutrons make them a powerful probe for studying the properties of condensed matter. On the

other hand, this is also the reason why building efficient neutron detectors is not a trivial task

as neutrons are unable to ionise the atoms [34].

The energy (En) of a neutron in a non-relativistic limit can be described in terms of its

wavelength through the de Broglie equation,

λ =
2πℏ
mnv

=⇒ En =
1

2
mnv

2 =
πℏ2

mnλ
, (2.11)

where mn is the mass of the neutron, ℏ is the reduced Planck’s constant and v is the neutron

velocity.

As neutrons may have different types of interactions with a nucleus depending on their energy,

it is useful to classify them according to what is called “neutron temperature” (seen in Table

2.1). The origin of this name comes from comparing their energy kBT with room temperature

(where kB is the Boltzmann constant, and T is the absolute temperature corresponding to 20

◦C or about 25 meV).

Energy classification Kinetic energy (eV) Wavelength (Å)

Ultra cold En < 3× 10−7 λ > 520
Very cold 3× 10−7 < En < 5× 10−7 520 > λ > 40

Cold 5× 10−7 < En < 0.005 40 > λ > 4
Thermal 0.005 < En < 0.5 4 > λ > 0.4

Epithermal 0.5 < En < 103 0.4 > λ > 0.01
Intermediate 103 < En < 105 0.01 > λ > 0.001

Fast 105 < En < 1010 0.001 > λ > 3× 10−6

Table 2.1: Neutron classification by kinetic energy and wavelength.

When the a neutron interact with the nucleus, depending on its energy, they may undergo

one of the following nuclear processes:

I. Elastic scattering from the nuclei, i.e., A(n, n)A. In elastic scattering, the total kinetic
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energy of the neutron and nucleus system is unchanged. This interaction represents the

principal mechanism of energy loss for neutrons in the MeV region.

II. Inelastic scattering, e.g., A(n, n′)A∗. Inelastic scattering occurs when the incident neutron

has sufficient energy, usually in the order of 1 MeV, to cause the nucleus to transfer to an

excited state from which it eventually de-excites and releases radiation. The total kinetic

energy is not preserved as part of it is used to transition the nucleus into an excited state.

III. Neutron capture, such as (n, γ), (n, p), (n, d), (n, α), (n, t), (n, αp), etc. Captured neutrons

may cause a rearrangement in the internal structure of the target atom, releasing gamma

rays, neutrons, and charged particles. In general, the cross-section for neutron capture

scales approximately as 1/v with neutron velocity, as a result, cold and thermal neutrons

are the most likely to undergo a capture process.

IV. Fission, i.e., (n, f). Fission occurs when a neutron is absorbed by an atom with a large

atomic number, forcing it to excite and split into smaller atoms and more neutrons. This

process is also most probable for neutrons at thermal energy.

V. High energy hadron shower production. When high-energy neutrons collide with the nuclei

of atoms in a material, they can initiate hadronic interactions, leading to the production of

secondary particles. These secondary particles, including other neutrons, protons, pions,

and other hadrons, then form the cascade of particles that constitutes a hadronic shower.

This occurs only for very high-energy neutrons with E>100MeV.

The probability of each one of these processes to occur is described by the respective cross

section. For a given nuclide, the total cross section is then given by the sum of the individual

cross-sections,

σtotal = σelastic + σinelastic + σcapture + ...

Multiplying the total cross section of a certain nuclide by its density of atoms (N), it is

obtained the macroscopic cross section,

Σtotal = Nσtotal = σtotal Naρ/A (2.12)

which has dimensions of cm−1. The average distance a neutron travels between interactions is

obtained by the reciprocal of this quantity, giving the mean-free-path,

λ = 1/Σtotal (2.13)
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Chapter 2. Interaction of Radiation With Matter

In the context of neutrons, this quantity has the same meaning as the linear absorption

coefficient for gamma rays. Thus, in a beam attenuation experiment similar to that of gamma

rays, a focused beam of neutrons passing through a material will experience an exponential

attenuation described by,

I

I0
= exp(−x/λ), (2.14)

where x is the thickness of the material. In solid materials, λ for slow neutrons may be of the

order of a centimetre or less, whereas for fast neutrons, it usually is tens of centimetres.

Since neutrons do not produce direct ionisation or generation of light, which are essential

processes in most radiation detectors, they cannot be directly detected, and an intermediate

reaction with the nuclei is needed to produce an ionising particle. From the processes listed

above, only the I, III and IV are relevant for the purposes of neutron detection. Fast neutrons

can be detected through process I, exploiting the transfer of neutron energy to a recoiling

nucleus, which in turn will produce ionisation in the detection medium. The detection of low-

energy neutrons (below the epithermal region) can be accomplished through some of the nuclear

reactions described by processes III or IV, resulting in the emission of charged particles. From

the point of view of detector performance, ideally, a capture reaction should exhibit a high cross-

section, high reaction heat, and result in only the emission of charged particles. A more detailed

description of the process involving the detection of low-energy neutrons is given in Chapter 4.
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Chapter 3

Resistive Plate Chambers

Invented in the eighties of the last century by R. Santonico and R. Cardarelli [35], the Resistive

Plate Chamber (RPC) is a type of gaseous detector from the family of the parallel plate avalanche

chambers and Pestov spark counters [36], differing by the fact that at least one of their electrodes

is made of a material with a high volume electrical resistivity, such as, e.g., soda lime glass or

bakelite. This makes this type of detector intrinsically protected against discharges and able to

operate with high charge multiplication gains. Only a local spot where a discharge begins to

grow is subject to a decrease in the electric field in the gas gap and is blind for a certain time,

determined by the relaxation time (τ) of the resistive material, with all the remaining detector

area still continuing to be sensitive to particles. The relaxation time is given by,

τ = ρϵ0ϵr (3.1)

with ρ being the volume resistivity of the material, ϵ0 the dielectric constant and ϵr the relative

permittivity of the resistive material. Depending on the type of material, τ can range, e.g., from

a few milliseconds for Bakelite (ρ ≈ 1010 Ωcm) to about 1 second for glass (ρ ≈ 1012 Ωcm).

The first RPC to be built was made with copper electrodes covered with a high resistivity

phenolic resin separated by a gap of 1.5 mm filled with an Argon/iso-butane gas mixture of 1:1

at atmospheric pressure, and operated in streamer mode, showing a 97% efficiency and a 500

ps time resolution. This early version demonstrated the feasibility of using an RPC for particle

detection and timing measurements, becoming an affordable alternative to the use of plastic

scintillators, especially in large detection areas due to their simplicity in construction and low

cost [37].

In the following years, the RPC design was improved by optimising the gas mixture, the

materials for the resistive plates, and the electrode configuration, leading to improved time
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Chapter 3. Resistive Plate Chambers

resolution, particle detection efficiency and count rate capability [37][38]. The RPCs gained

popularity throughout the 90s and 00s, and has been widely used in high-energy physics such

as, e.g., in ATLAS and CMS muon trigger detection systems of the Large Hadron Collider (LHC)

at CERN [39], and astroparticle physics such as ARGO [40], MONO-LITH [41] at YangBaJing

or INO [42]. More recently, RPC applications in biomedical applications are giving promising

results, for example, in muon tomography [43] and RPC-PET brain scanners [44].

3.1 Standard RPC Design

The standard configuration of an RPC is shown in Figure 3.1. An anode and a cathode plate

made of a high-resistivity material are separated by spacers defining an uniform gas gap width of

a few millimetres. These plates are painted on their external surfaces with a material with high

surface resistivity (e.g., graphite), with the functionality to distribute the potential uniformly

over their area. The electrical potential difference between the anode and cathode results in a

uniform electric field inside the gas gap.

Figure 3.1: General configuration of an RPC. Adapted from [45].

3.2 Principles of Operation

3.2.1 Gas Ionisation

If the energy loss in ionising collisions is negligible compared to the incoming particle energy,

we can assume that each ionising collision is independent of its previous one. In that case, for

minimum ionising particles (MIPs), the distance between collisions (the distance between pri-

mary clusters) is exponentially distributed, and the number of clusters on the distance between

the electrode plates d follows a Poisson distribution with an average of n = d/λ, where λ is the

mean free path [46]. Thus, the probability of having n clusters is given by

P (n) =
1

n!

(
d

λ

)n

e(−
d
λ) (3.2)
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The number of clusters per unit length can vary significantly depending on the gas mixture.

The count can range from less than one cluster per millimetre to approximately ten clusters, as

reported in [45]. Moreover, a cluster distribution can be generated by a single collision, resulting

in the ejection of a varying number of electrons. A list of the average number of clusters for a

distance of 1 mm for a few common gases used as a detection medium is presented in Table 3.1

taken from [45].

Gas He Ar Xe i− C4H10

n̄ [clusters /mm ] 0.42 2.3 4.4 8.4

Table 3.1: Simulated values for the average number of clusters per mm for different gases for a
MIP.

3.2.2 Electron Multiplication

Inside the gas gap of the RPC, the free electrons generated by primary ionisation are accelerated

by the applied field, and if they achieve kinetic energy greater than the ionisation energy of the

gas molecule, it is possible that an additional ion-electron pair is created. This behavior is also

applied to the newly generated electrons leading to a charge multiplication process known as a

Townsend avalanche [47].

The evolution of the number of electrons or ions within a region where an electric field is

applied was shown to follow the equations [48],

∂ne(x, y, z, t)

∂t
= αne |ve| − ∇ (neve) +De∇2ne (3.3)

∂ni(x, y, z, t)

∂t
= αne |ve| − ∇ (nivi) +Di∇2ni (3.4)

where ne and ni are respectively the number of electrons and ions, De and Di are respectively

the electron and ion diffusion coefficients, ve and vi are respectively the electron and ion drift

velocity, and α is the number of ionising collisions per unit length of electron trajectory (first

Townsend coefficient). The first term on the right refers to the electron multiplication process,

while the other two describe charge carriers’ drift and spatial diffusion.

In the simplest case where n0 electrons are released at an instant t = 0 at a point taken as

zero position, and making simplifying assumptions that the longitudinal and transversal diffusion

coefficients are equal, and the electron velocity ve, and Townsend coefficient α remains constant

during propagation, the solution for the equation 3.3 is [48],
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ne(x, y, z, t) = N0e
αvet 1

(4πDet)
3/2

exp

(
−x2 + y2 + (z − vet)

2

4Det

)
(3.5)

In this case, the avalanche can be described by an exponential growth of charges, diffusing

in space with an average radius that increases with
√
Det.

Figure 3.2: Schematic drawing of the development of an electron avalanche in an RPC and the
electric field change caused by the avalanche charges at a large gain (E0 is the applied electric
field): (a) the passage of a charged particle ionises some gas atoms, and an avalanche is started;
(b) the avalanche size is sufficiently large to influence the electric field in the gas gap; (c) the
electrons reach the anode; (d) later, the ions that drift much slower reach the cathode. The
charge depletion in the resistive plates influences the field in a small area around the position
where the avalanche developed. Taken from [45].

3.2.3 Space Charge Effect

The avalanche, which grows exponentially, consists of two parts, a tip of fast-moving electrons

and a tail of slow-moving positive ions. At some point, when the number of charges (electrons

and ions) grows large enough, the own field created by the avalanche charges is comparable to

the applied one, resulting in a reduction of the effective field in a large region of the centre of the

avalanche and an increase in the tip and tail, affecting the charge carriers drift velocity and the

Townsend coefficient. Under these circumstances, the avalanche propagation and multiplication

characteristics are strongly modified. At the centre of the avalanche, where the field is weaker,

the multiplication is reduced, and the number of electrons subject to attachment increases, with

a consequent increase of negative ions. This mechanism is illustrated in Figure 3.3 and is known

as the space charge effect and is considered a critical factor in understanding the functioning of

RPCs [49].
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3.2. Principles of Operation

Figure 3.3: Schematic of an avalanche and its effect on the electrical field strength. The electric
field is reduced between the electron cloud head and the positive ions and increased in front of
the anode. Taken from [50].

At very high electric fields, UV photons emitted during the avalanche development may start

to ionise gas molecules surrounding the avalanche, changing the dynamics of its propagation,

which results in a fast increase of the charge growth. At a later stage, a conductive channel can

be formed between the two electrodes, thereby discharging the local surfaces of the electrodes.

This phenomenon is referred to as a streamer, and generally, it is accepted that the conditions

for its generation are associated with the space charge effect [49].

Figure 3.4: Schematic drawing depicting the steps leading to the generation of a streamer in an
RPC: (a) an avalanche is developing as in Fig. 3.2; (b) the electric field created by the avalanche
charge is comparable to the applied one, resulting in a reduction of the effective field, and UV
photons may start contributing to the avalanche’s growth causing it to spread quickly and a
streamer evolves; (c) A conductive channel between the two electrodes may develop, discharging
the surface of the electrode locally; (d) The magnitude of the electric field strongly decreases
around the avalanche spot. Taken from [49].
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3.2.4 RPC Operation Modes

RPCs can be operated in avalanche or streamer mode. In avalanche mode, the RPC is operated

with a lower charge multiplication gain, typically with an average charge produced per event

below 10 pC. When compared with the streamer mode, the avalanche mode allows operating

the RPC at a higher count rate before saturation, however, it requires more sensitive and low

noise amplification electronics [51].

In streamer mode, there is a large charge growth (tens of pC to a few nC) compared to

the avalanche mode. This mode takes advantage of the large current pulses induced by the

streamers, which simplifies the electronic readout, not needing pre-amplification. Due to the

large amount of charge generated per event, the counting rate capability of RPCs operated in

the streamer mode is limited to a few hundred Hz/cm2 [52].

3.3 Signal Induction

In gaseous detectors, the signal is induced by the charge carriers when they start their drift and

not just when they are collected on the respective electrodes. Once all the charge carriers have

been collected, the induction process ends, and the signal is fully developed.

The Shockley–Ramo Theorem [53] gives us the equation for the current I induced in one

electrode by the drift of a particle with charge Q moving along a trajectory x⃗(t) inside a detector.

According to this theorem, the induced charge in one electrode is given by,

I(t) = QE⃗w(x⃗(t)) · ˙⃗x(t) (3.6)

Where ˙⃗x(t) is the velocity of the particle, and Ew is the weighing field, which is a function

that characterises the spatial sensitivity of the detector to the charge’s motion. In practice,

Ramo’s theorem translates the current resulting from the temporal variation of the surface

charge density induced on an electrode when a charge Q moves near it.

As mentioned above, gaseous detectors are based on the principle of ionisation of the gas

along the path of a charged particle interacting in the detector’s active volume, with the signal

induction in the collection electrodes being due to the drift of the charge in the applied electric

field. If the detector elements are essentially insulators, and the electrodes have infinite conduc-

tivity, the induced signal can be determined by Ramo’s theorem. In the case of RPCs, which

consist of resistive electrodes, the time dependence of the signals is not only a function of the

movement of charges but also of the relaxation time characteristic of the resistive material [54].

A formalism proposed by W. Riegler [55] considers a quasi-static approximation of Maxwell’s
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3.3. Signal Induction

equations that allows the induced signals to be determined for materials whose weighting field

depends on time. This approach gives important conclusions: for a time T of the order of 3

ns, equivalent to the time development of the electronic component of the induced signal, the

time constant (τ = RC ≈ ρ) of the RC circuit formed by the resistive electrodes (of the order

of tens of milliseconds for bakelite electrodes and of a second for glass) is such that τ >> T .

Under these conditions, the conductivity of the resistive electrodes does not affect the induced

signal, as they behave like perfect dielectrics (R = ∞) and are practically transparent to induced

signals.

In the case of an RPC, which has a parallel geometry, if we set one electrode to a voltage

of 1 V and the other to 0 V, the weighting field takes the form of Ew = ẑ/d, where d is the

gap between the electrodes. If ne electrons drift simultaneously from the cathode in the field

E0 = V0/d, with a constant drift velocity ve, a current is formed in the direction of the anode

during the transit time of the electrons, Te = d/ve, which is given by,

Ie(t) = enev⃗e · E⃗w =
ene(t)

Te
0 ≤ t ≤ Te (3.7)

As the number of electrons grows exponentially according to the Townsend multiplication, if

the diffusion term from Equation 3.3 is neglected, the electron component of the induced current

becomes,

Ie(t) =
en0

Te
exp (αvet) 0 ≤ t ≤ Te (3.8)

Ie(t) = 0 t > Te (3.9)

This corresponds to the fast component of the induced signal in a RPC. This fast signal

generated by the rapid drift of electrons is typically used for the timing measurement

Similarly, the positive ions resulting from avalanche multiplication drift towards the cathode

plate, inducing a current given by [56],

I+(t) =
en0

T+
{exp (αvet)− exp (αv∗t)} 0 ≤ t ≤ Te (3.10)

I+(t) =
en0

T+
{exp(αd)− exp (αv∗t)} Te ≤ t ≤ T+ + Te (3.11)

1

v∗
=

1

v+
+

1

ve

Where v+ is the drift velocity of the positive ions and T+ is it’s transit time. Since ve is

typically 3 orders of magnitude larger than v+ [56], we can approximate v∗ ≈ v+,
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I+(t) =
en0

T+
{exp(αd)− exp (αv+t)} Te ≤ t ≤ T+ + Te (3.12)

Figure 3.5 illustrates the induced currents during an avalanche if electron attachment does

not take place. The blue curve shows the fast current created by the electron, which stops

abruptly at the time Te when it reaches the anode. The yellow curve shows the current created

by the positive ions. Because of their slower drift velocity compared to the electrons, the induced

current is much smaller.

Figure 3.5: Induced currents by the electrons (blue) and positive ions (yellow) during an
avalanche if electron attachment does not take place. Y axis is not to scale.

3.4 Position Readout

In RPCs, the location of the point of interaction of a particle is obtained by readout the signals

induced in a structure of electrodes with a suitable geometry, e.g., arrays of parallel signal pickup

strips, or pads, engraved on a printed circuit board (PCB) are usually used for this purpose.

The distribution of the amplitudes of the induced signals in each electrode (strips or pads), is

correlated with the location where an ionising particle interacted. The spatial distribution of the

induced charge, resulting from the detection process initiated by an ionising particle in the RPC,

depends on several factors: spatial distribution of the primary ionisation in the gas gap, electron

diffusion, spread of the avalanche during its development and on the electrical resistivity of the

RPC plates and resistive layer used for the distribution of potential across the RPC plates.

The most used and simpler geometry for the signal pickup electrodes consists of arrays of
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parallel strips, with one array facing the anode plate, and the other, with the strips oriented

normally to the previous one, facing the cathode plate, as shown in Figure 3.6.

Figure 3.6: General schematic of an RPC with readout strips placed on the outer surfaces of the
electrodes. The strips are separated from the electrode by an insulator material. Taken from
[45]

Large area RPC detectors typically used centimetre-wide strips to provide avalanche lo-

calisation capability) More recent RPC applications, e.g., in muon tomography and cosmic ray

tracking, require the measurement of both X and Y coordinates with a higher accuracy. In order

to achieve this involves sensing the induced charges with arrays of strips with dimensions (pitch

and strip width) in the millimetre range and the use of more advanced position reconstruction

methods, such as, e.g., the centre of gravity (COG) technique. Submillimetre resolution has

already been successfully demonstrated for RPCs in both high-energy physics and biomedical

applications using this approach [57][58].
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The 10B-RPC Technology

A novel technology for thermal neutron detection, combining RPCs with solid-state neutron

converters, was recently introduced by the Neutron Detector Group [15] at LIP-Coimbra. The

basic feasibility of such technology was already demonstrated in the framework of the SINE2020-

H2020 project [59]. The results of first tests on a neutron beamline at ILL, with a detector

prototype built using this technology, showed that it was capable of sub-millimetre spatial

resolution and a detection efficiency > 50% for neutrons with a wavelength of 4.7 Å [16]. Taking

advantage of the adaptable modular designs, scalability, and cost-effectiveness per unit area

offered by RPCs, this neutron detection technology can be a cost-effective alternative to the 3He

for the construction of position-sensitive thermal neutron detectors capable of state-of-the-art

performance.

RPCs are not sensitive to thermal neutrons by themselves. To detect thermal neutrons, a

solid-state neutron converter must be lined, at least, onto one of the inner surfaces of the RPC

plates facing the gas gap. This converter must be loaded with an isotope showing a high cross

section for neutron capture and a suitable reaction. The neutron capture reaction must result in

the emission of charged particles, which can enter the RPC gas gap and thus generate ionisation,

initiating the neutron detection process. Only a limited set of isotopes can effectively play this

role, such as 3He, 6Li, 10B, and 157Gd. As nowadays, 3He is scarce and expensive, alternatives

have been sought, with 10B in solid-state materials, like B4C [8] emerging as the most promising

candidate for the job.

In this chapter, the basic principles of thermal neutron detection are presented, and the con-

cept of an RPC-based position-sensitive neutron detector (PSND), developed at LIP-Coimbra,

for high neutron detection efficiency (> 50%) and sub-millimeter spatial resolution is introduced.
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4.1. Thermal Neutron Detection Principles

4.1 Thermal Neutron Detection Principles

The significant interactions for cold and thermal neutrons include elastic scattering with absorber

nuclei and a set of neutron-induced nuclear reactions, as described in Chapter 2. Although elastic

collisions are very likely, this is not an interaction on which cold and thermal neutron detectors

are based due to the small energy transfer to the nucleus, which results in no observable recoil.

Elastic collisions often serve to bring the neutrons into thermal equilibrium with the medium

before a different type of interaction occurs.

In view of neutron detection, the interactions of cold and thermal neutrons of real importance

are neutron-induced reactions that can originate secondary particles of sufficient energy to be

detected directly. Because of the low energy of the incident neutron, all such reactions must

have a positive Q-value to be energetically possible. In most materials, the radiative capture

reaction or the (n, γ) reaction, is the most probable, playing a critical role in the absorption

of neutrons. However, because the secondary radiation takes the form of gamma rays, this

reaction is not widely used since gammas are also difficult to detect or be detected far from

the capture location, losing position information. In contrast, reactions such as (n, α), (n, p)

and (n, fission) are better suited for the detection process since they have charged particles

as reaction products. When searching for nuclear reactions that might be useful in neutron

detection, several factors must be taken into account. First, the neutron capture cross-section

must be as large as possible so that detectors with high detection efficiency can also be built in

small dimensions. Following the logic of a scalable detector, the target nuclide should either be

of high isotopic abundance in the natural element or an economically viable supply of artificially

enriched samples should be available for detector production. The energy liberated in the

reaction (Q-value) is most important after the neutron capture. The higher the Q-value, the

greater the energy transferred to the reaction products, easing the discrimination against γ-ray

and other radiation backgrounds.

The isotopes which provide a suitable nuclear reaction are 3He, 6Li, 10B and Gadolinium

(see Table 4.1).

Isotope State Reaction Cross section (barn) Product energies (keV )
3He Gaseous 3He(n, p)t 5333 p : 573,3He : 191
6Li Solid 6Li(n, α)t 940 3He : 2727, α : 2055
10B Solid 10B(n, α)7Li 3836 α : 1472,7 Li : 480(93%)

α : 1780,7 Li : 1020(7%)
10BF3 Gaseous 10B(n, α)7Li 3838 α : 1472,7 Li : 480(93%)

α : 1780,7 Li : 1020(7%)
natGd Solid natGd(n, γ) 49122 Ce : 29− 182

Table 4.1: Isotopes cross sections for thermal neutron absorption and their product energies.
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A generic neutron detector system can be divided into three main components: the neutron

converter which is a material made with one of the isotopes listed in Table 4.1 that gives the

detector its sensitivity to neutrons; the detector system that can efficiently detect the particles

produced by the neutron interaction with the converter material; and the signal processing

electronics that amplify, shape, and digitise the signals generated by the detector system. A

representation of a generic neutron detector as a system is depicted in Figure 4.1.

Figure 4.1: Schematic drawing of a generic neutron detector as a system. The system is divided
into three main components: the neutron converter, the detection system and the signal pro-
cessing electronics. Taken from [60]

Neutron detectors are classified into two main categories: gaseous detectors and solid-state

detectors. In gaseous detectors, the converter can take the form of a gas (such as 3He and BF3),

which serves as both a converting and detection medium or a solid material integrated into

the detector architecture but separated from the detection medium. Solid-state detectors, on

the other hand, use neutron-sensitive scintillators containing isotopes that react to neutrons and

generate scintillation. There are also semiconductor detectors interfaced with neutron converters,

but this type of technology is much more expensive compared to the previous ones, and are only

used for small area detectors. They are also prone to radiation damage, which reduces their

performance over time, and are therefore not commonly used in neutron scattering science.

4.1.1 Neutron Gaseous Detectors

Gaseous neutron detectors operate on the principle of capturing and detecting neutrons through

interactions with gas atoms. When a neutron enters the gas-filled detector, it may undergo

a capture process with the gas atoms, resulting in the emission of charged particles that can

generate primary ionisation. For example, in a 3He-filled detector (Figure 4.2), the tritium and

the proton resulting from neutron capture in 3He will generate ionisation gas. In the presence

of an electric field, the electron-ion pairs drift toward a certain structure of electrodes (e.g.,

proportional tubes, multiwire chambers, microstrip plates, gas electron multipliers) where they

are subject to a gas amplification process.
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The 3He high neutron capture cross section (5333 barns), in combination with high-pressure

operation, allows the design of robust, highly efficient and long-lived neutron detectors, provid-

ing neutron/gamma separation in the order of approximately 10−7 [4]. As a result, 3He-filled

proportional counters became the golden standard for cold/thermal neutron detection.

Figure 4.2: Schematics of a neutron detection in a 3He proportional counter.

However, as the availability of 3He became scarce, alternatives like 10B and 6Li became more

popular. Their respective capture cross-sections are 71.9% and 17.6% of the cross-section of

3He. Both can be found on Earth with an average abundance of 10B occurring at 20% of natural

boron and 6Li at approximately 7% of natural lithium, respectively. Boron trifluoride was seen

as a direct replacement for 3He, but due to its toxicity and inability to perform at high pressures,

research with BF3 filled detectors was discontinued and even outlawed in European facilities.

4.1.2 Neutron-Sensitive Scintillator Detectors

A neutron-sensitive scintillator detector relies on scintillating materials that are typically loaded

with 6Li, 10B or 157Gd isotopes. In this case, the neutron capture reaction products are stopped

inside the scintillator, with their energy being transferred to the generation of scintillation. The

neutron detection is accomplished by readout the emitted photons with photosensors. These

scintillators can be coupled directly or via optical fibre to a photo sensor such as a Photomulti-

plier (PMT), Multianode Photomultiplier (MaPMT) or a Silicon Photomultiplier (SiPMT).

The most commonly used scintillators are 6Li-loaded cerium glass and 6Li/ZnS. Both have

distinctive characteristics. 6Li glass has a short decay time, making it a high-efficiency scintilla-

tor, however, they have weak neutron/gamma discrimination due to its low ratio of light yield

photons per neutron and per gamma-rays. In contrast, Zn/S has a high light generation per

neutron but a long decay time, resulting in low gamma sensitivity but a limited counting rate.

Zn/S scintillator is also opaque to its own light and suffers from afterglow.
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Figure 4.3: Schematics of a neutron detection in a neutron-sensitive scintillator detector with
6Li/ZnS coupled via Wavelength Shifthing Fibres (WLS) to a PMT. Taken from [7].

4.1.3 Neutron Gaseous Detectors With Solid Converters

The working principle of a gaseous neutron detector with a solid neutron converter is similar

to the one with a gas converter. In this case, a solid-state neutron converter material (usually

10B or 157Gd) is attached to a substrate inside the detector close to the gas medium, thus, the

converter and the detection medium are separated. When a neutron interacts with the solid-

state converter, it emits ionising particles. In the case of a 10B converter, it emits an α particle

and 7Li (see Figure 4.4). One of these products might escape to the gas medium and ionise the

detection medium. Similarly to the gaseous detectors with a gas converter, in the presence of an

electric field, the electrons and ions drifting towards a certain structure of electrodes are subject

to a gas amplification process.

Figure 4.4: Schematic drawing of a neutron capture process inside the B4C layer, which is
deposited onto a substrate. After the neutron is captured by a boron atom, one of the resulting
particles can escape to the gas medium and ionise it.

10B4C proves to be a promising substitute to 3He due to its natural abundance, chemical and

practical features [8], and is the preferred choice for the future most advanced detectors at the

ESS [61]. Several 10B4C-based detectors for large (≈ 10 to 50 m2) [62], and medium (≈ 0.2 to 2

m2) [63] size areas have already been developed. They show good detection efficiency, but their
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spatial resolution is limited to a few millimetres, which is still too far from the high resolution

domain.

4.2 The 10B-RPC

A 10B-RPC is an RPC where a thin layer of an 10B-based neutron converter is deposited on the

inner surface of the cathode plate facing the gas gap, as shown in Figure 4.5. The construction

is identical to that of a standard RPC (see Figure 3.4), except that the cathode electrode in

glass is replaced by an aluminium plate. The pairing of a resistive plate with a metallic one

leads to a hybrid configuration that keeps all the functionalities of the RPCs since at least

one of the electrodes is resistive. The Aluminium plate is coated with a thin film of 10B4C on

the surface facing the gas gap. It is this converter layer that makes the detector sensitive to

neutrons, via the following neutron capture reaction 10B(n, α)7Li capture reaction (see Table

4.1). If the converter layer is thin enough, one of the reaction products (α and 7Li), that are

emitted isotropically in opposite directions, can escape into the gas gap and generate primary

ionisation (a certain number of electron-ion pairs). Then, the drift of the electrons towards the

RPC anode under a high-strength electric field undergoes to a Townsend avalanche process. The

electron avalanche is accompanied by the induction of charge signals in the pickup electrodes,

signalling the detection of a captured neutron.

Figure 4.5: Conceptual design of a 10B-lined hybrid RPC. The metallic cathode, made of, e.g.,
aluminium, is coated on the side facing the gas gap with the neutron converter layer.

The aluminium was chosen by three main reasons: the coating of aluminium with high

quality 10B4C thin films has already been established [8]; aluminium can be used in relatively

thin sheets (up to 0.3 mm) while maintaining good flatness; neutron absorption and scattering

by the aluminium can be kept at acceptable levels.

Since the cathode is metallic, one of the challenges of a hybrid 10B-RPC is the fact that the
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both XY coordinates have to be read from the anode side, and this is contrary to what happens

for the simpler case of the standard RPC, in which one of the XY coordinates is read from the

anode side and the other from the cathode side. To solve this, it is adopted for the 2D readout,

signal pickup electrodes consisting of two adjacent arrays of parallel and mutually orthogonal

Copper pickup strips engraved on a thin double-layered PCB. The geometry of both X and Y

arrays of strips (pitch and width) has to be optimised in order to achieve fair signal sharing

between both strip-arrays.

A more attractive design for a 10B-RPC is the one shown in Figure 4.6, which mirrors

the single gap 10B-RPC of Figure 4.5, in the plane of the cathode. In this arrangement, the

metallic cathode is shared by the two adjacent resistive anode plates, creating two gas gaps.

This configuration is called the 10B double-gap RPC, and requires lining the cathode with a

neutron converter on both sides.

Figure 4.6: Double-gap RPC configuration: a single metallic cathode, shared by two anodes, is
lined on both sides with a 10B neutron converter.

The thickness of the 10B4C neutron converter layer is restricted. It cannot be too thick,

otherwise, the resulting charged particles escape to the gas medium due to their small range

inside the converter (≈ 1.8 µm for 7Li at 0.84 MeV and ≈ 3.5 µm for α at 1.47 MeV [64]).

However, it cannot be too thin since to achieve a capture probability greater than 80%, the

10B4C path should be larger than 40µm for neutrons with λ = 1.8 Å. This restriction sets

a trade-off between the probability of the neutron being captured and the probability of the

products escaping to the gas, limiting a single layer of 10B4C neutron converter layer to a

thickness of around 1-2 µm and detection efficiency in the range between 2% and 10%.

4.3 Multilayer Architecture

One approach to solving the detection efficiency challenge is by stacking several RPCs on top of

each other, which is known as a multilayer. In this configuration, the total detection efficiency
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is the sum of the contributions of all 10B-RPCs individual modules, significantly improving

the detection efficiency achieved. Stacking 10B double-gap RPCs provides certain benefits over

stacking single-gap ones. This configuration reduces the amount of material in the neutron path

and simplifies electrical insulation by applying high voltage (HV) to the cathodes and keeping

the anodes that face the signal pickup electrodes grounded.

The cathode signals are used to identify the neutron capture along the beam direction, and

for timing proposes, allowing to determine the neutron TOF. Another advantage of a multilayer

detector is that the counting rate capability increases with the number of RPCs in the stack.

The multilayer architecture also enables the construction of detectors with a modular de-

sign, by employing two types of independent building blocks: the double-gap RPC blocks and

signal pickup electrode blocks. This feature is very advantageous for the mass production and

maintenance of the detectors.

Like other types of detectors based on multilayer configurations have a common disadvantage:

they are more sensitive to gamma rays and neutron scattering than single-layer ones due to the

increased material budget.
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The nRPRC-4D Detector Concept

RPCs are well-known for their unprecedented fast timing capabilities (sub-ns scale). Therefore,

the next significant stride in the development of the thermal neutron detection technology in-

volving RPCs is to explore their three-dimensional readout and timing capabilities in a neutron

detector. Once demonstrated, 10B-RPCs would be suited for applications such as, e.g., TOF

neutron diffraction and reflectometry, and energy-resolved neutron imaging, requiring submil-

limetre spatial resolution and sub-µs time resolution.

Based on the 10B-RPC detection technology, a new position-sensitive neutron detector con-

cept with four-dimensional readout capability (XYZ and time), named nRPC-4D, is presented.

The nRPC-4D detector concept consists of a stack of RPCs with cathode plates lined on both

sides with a 10B4C thin film, organised in a multilayer architecture (described in section 4.3).

The nRPC-4D concept is conceived in such a way that makes the construction and mainte-

nance of a detector very straightforward. Its basic building block consists of a standalone and

versatile detection module formed by a double gap hybrid 10B-RPC. High detection efficiency

for thermal neutrons with normal incidence to the planes of 10B4C layers is achieved by the

several RPCs stacked. The needed number of 10B-RPCs in the stack will depend on the specific

detection efficiency requirements and on the range of neutron wavelengths considered for a given

application. For a stack of ten 10B-RPCs, it is expected to reach a detection efficiency of about

50% for neutrons with a wavelength of 4.7 Å.

Due to the high timing resolution of the RPCs [65] (below 100 ps for minimum ionising

particles, MIPs) and the short neutron flight time through a layer of 10B4C of around 1 µm

thick is approximately 1 ns, it is expected that an nRPC-4D detector can achieve an intrinsic

timing resolution on the order of nanoseconds in measuring the neutron time-of-flight.
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5.1. The Standalone 10B-RPC Detection Module

5.1 The Standalone 10B-RPC Detection Module

A 10B-RPC detection module consists of a double gap hybrid RPC composed of two float glass

anode plates and an aluminium cathode in between them. As it can be seen in Figure 5.1,

showing a schematic drawing of a detection module, all plates are parallel to each other and

kept separated by monofilament spacers, defining gas gaps with a uniform width. The cathode

plates are coated on both sides with a 10B4C layer of approximately 1 µm (10B enrichment level

> 97%). The 10B4C coatings are done using the magnetron sputtering technique, proven to

provide stable adhesion and good radiation hardness for 10B4C thin films [8].

Facing both anode plates is a flexible PCB (FPCB) with a thickness of 25 µm that holds two

sets of parallel copper strips (18 µm thick, 0.3 mm wide, with a 1 mm pitch) on either side, with

the two sets of strips oriented orthogonally to each other. These arrays of signal pickup strips

are used to read the X and Y coordinates of the neutron capture event position in the detector.

The Z coordinate and the timing are given by the signals induced on the cathode. It should be

noted here that the induced signals are formed by two components: a fast one induced by the

fast drift of electrons in the 10B-RPC gas gap and a slower one induced by the drift of the ions.

For timing purposes, the former is used.

Figure 5.1: Schematic drawing (dimensions are not to scale) illustrating the standalone 10B-RPC
design.

5.2 The nRPC-4D Multilayer Detector

In Figure 5.2 it is shown a schematic drawing of the layout of the nRPC-4D detector. There

are ten 10B-RPC detection modules stacked on top of each other with signal readout FPCBs

inserted in between them, another one on the top side of the first module and another on the

bottom side of the last module.

In this arrangement, adjacent gas gaps of neighbouring 10B-RPC modules share the same
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XY arrays of signal pickup strips in the FPCBs used to read the x- and y-coordinates of the

neutron events.

The cathodes of the ten 10B- RPC modules are read individually by fast amplifiers. This

allows us to identify the position where a detected neutron capture occurred along the stack

(z-coordinate) and provides the timing signal (fast component of the induced signal) to trigger

the data acquisition system (DAQ) and determine the neutron TOF.

As the number of 10B-RPC modules is large, the number of signal pickup strips and con-

sequently, the number of electronic channels necessary to individually read all the strips is not

manageable. For instance, considering a pitch of 1 mm for the strips, and an detector active

area of about 200 mm x 200 mm, 400 channels are needed per FPCB (200 for each of the X and

Y coordinates). Therefore, considering a detector with ten 10B-RPC modules (see Figure 5.2),

4400 (11 x 400) electronic channels would be needed to readout the entire detector.

To address this, the individual strips of each coordinate array, with the same index, are

interconnected and readout using the same electronic channel. By using this approach, the

number of electronic channels is decreased by a factor of N+1, where N is the number of double-

gap RPCs in the stack.

Figure 5.2: Schematic drawing of the nRPC-4D detector showing how the stack is formed, with
ten 10B-RPC modules being displayed.
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As a neutron event produces ionisation only in one gas gap, the triggered 10B-RPC module

in the stack is known once the cathode with a signal is identified. However, this still leads to

an uncertainty in the Z coordinate measurement since the side of the cathode of the respective

10B-RPC where the neutron was captured cannot be directly identified.

This ambiguity, in principle, can be solved by using FPCBs with strips of suitable geometry

and installed as it is shown in Figure 5.2. The FPCB is oriented with the y-strips facing up and

the x-strips facing down. In this way, for the upper gas gap, the x-strips are facing the anode

plate, so they are closer, and the y-strips are further away from it. For the lower gas gap, the

opposite occurs, and in this case, we have the y-strips closest to it. Therefore, when an event

happens in the upper gas gap of any 10B-RPC module, the y-strips are partially screened by the

x-strips. As a result, the sum of the induced signals in the x-strips will be larger than for the

y-strips. As explained before, the opposite occurs for the lower gas gap, where the sum of the

signals induced in the y-strips will be greater than for the x-strips.

Figure 5.3: 3D view of the nRPC-4D detector prototype design, with a stack of ten 10B4C-RPC
modules.

5.3 Simulation-Based Optimisation of the Detector Design

One main objective of the simulation-based optimisation of the detector design is to define the

optimal configuration of the detector aiming at the ns-scale timing resolution, spatial resolution

of 0.1 mm, >50% detection efficiency, low gamma sensitivity (< 10−6) and minimal background

from neutron elastic scattering. The simulations were carried out using the Geant4 toolkit

v10.7.2 [66] with ANTS2 v4.36 [67] as the front-end.

For the initial optimisation simulation, it was assumed a detector design similar to Figure 5.2,

with ten 10B-RPC detection modules (20 layers of 10B4C) and11 sets of XY signal pickup units.

This number of RPCs was chosen to achieve detection efficiencies of about 50% for thermal
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neutrons. It was also assumed the same thickness for all o 10B4C layers, each with a 1.15 µm .

The 10B-RPCs components have the following properties:

• 0.33 mm thick soda lime glass anodes;

• 0.3 mm thick cathodes made of 5754 aluminium alloy;

• 10B4C converters (10B enrichment level of≈ 97%) of 1.15 µm thicknesses;

• 0.28 mm wide gas gaps filled with R134a gas at atmospheric pressure;

• 25 µm thick flexible PCBs made of polyimide film with 18 µm thick copper layers on each

side.

The primary neutrons were generated as a monochromatic pencil beam with a wavelength

of 4.7 Å and normal incidence at the detector’s centre. Typically, simulations were performed

using 106 primary neutrons. A neutron was considered detected if the capture reaction products

deposited at least 100 keV in the gas. This threshold value was selected to match the simu-

lated and experimentally observed detection efficiency [68]. Figure 5.4 displays the respective

simulated contributions of every 10B-RPC modules to the detector’s detection efficiency.

Figure 5.4: Contribution to the overall detection efficiency of each double gap RPC in the stack,
with 10B4C layers of the same thicknesses (1.15 µm). The sum of all contributions adds up to
a detection efficiency of 60.4%. The “direct DE” data show the detection efficiency excluding
those neutrons which had prior elastic scattering.The lines are an eye-guide connecting the data
points.

The ”Direct DE” curve only accounts for the neutrons that were not scattered before de-

tection, while the ”Total DE” considers all neutrons, regardless of their prior interactions. By
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summing up the contributions from each 10B-RPC, the overall detection efficiency of the detector

is 60.4%. It should be noted that each 10B-RPC module attenuates the neutron beam intensity

by the same amount along the stack, resulting in the 10B-RPC further in the stack detecting

less neutrons. This reduction of the neutron flux throughout the stack results in an unequal

contribution of each 10B-RPC to the total detection efficiency. The first 10B-RPC seeing the

neutrons has the highest contribution to the detection efficiency, which means it will reach its

maximum counting rate limit earlier than the other 10B-RPC.

Based on the above considerations, it is recommended to optimise the detector design using

a procedure that not only maximises the direct detection efficiency, but also ensures an equal

contribution to the counting rate from all 10B-RPCs. As already mentioned before, the param-

eter that mainly affects the detection efficiency of each individual 10B-RPC is the thickness of

the neutron converter layer, so, an approach to equalise the contributions to the counting rate of

each 10B-RPC was to consider all with of 10B4C layers with different thicknesses. However, due

to the practical considerations related to the deposition processes of the 10B4C, it was decided to

divide the RPCs into three groups of different thicknesses: RPCs indexes 1 to 3, RPCs indexes

4 to 7 and RPCs indexes 8 to 10.

Figure 5.5: Contribution to the detection efficiency of each 10B-RPC in the stack for the configu-
ration with optimised thicknesses. The sum of all contributions adds up to 59.8% total detection
efficiency. The “direct DE” data show the detection efficiency excluding those neutrons which
had prior elastic scattering. The lines are an eye-guide connecting the data points.

This conditional optimisation was performed using the procedure described in [68] to find

the three optimal thickness values. The determined optimal thickness values are: 0.4 µm to
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RPC 1 to 3, 0.6 µm to RPC 4 to 7, and 2.2 µm to RPC 8 to 10. A second simulation of the

detector was performed using the optimised thicknesses, all the other considerations remained

the same from the previous simulation. The individual simulated contributions of each 10B-RPC

module to the detection efficiency computed using the optimised thicknesses are presented in

Figure 5.5.

The overall detection efficiency is 59.8%, while the direct detection efficiency is 51.1%. It

is observed a much more equal distribution of the contributions of each individual RPC for

the overall neutron detection efficiency, and this in comparison to the detector configuration in

which the thickness of the 10B4C layers are equal in all RPCs. The results of this study have

already been published, for more details see [18].
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The nRPC-4D Detector Prototype

In the previous chapter, the nRPC-4D detector concept and the main results from the simulation-

based optimisation procedure were discussed. This chapter reports on the next phase, the design

and construction of a prototype for the proof of concept. The main objective is to experimentally

demonstrate its feasibility and specifically to show that this new type of detector is capable of

simultaneously providing the XYZ coordinates of the detected neutrons and of measuring their

TOF.

The assembly procedures, as well as the details on the selected data acquisition system,

waveform processing methods, and the algorithm for the discrimination between neutron events

and background ones are discussed.

6.1 10B-RPC Detection Modules Construction

The most demanding aspects in assembling a 10B-RPC module are: (1) establish a method to

maintain a uniform gas gap width between the cathode and anode plates and hold them in a

standalone module; (2) coat the aluminium cathode plates with the 10B4C converter; (3) ensure

the distribution of the electrical potential across the entire external active area of the glass anode

plates; (4) install the external signal pickup electrodes. At the same time, the design must result

in a mechanically stable and easy-to-assemble detection module.

The first aspect was addressed by designing a frame in fibreglass (FR4) with a geometry

that allows to fix monofilament spacers (PEEK), the cathode and anode plates (see Figure 6.1).

Four holes are also provided in the corners of the frame to align the module in the stack by

using pillars.
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(a) (b)

Figure 6.1: (a) Top view of the design of the frame which holds the monofilament spacers (0.28
mm diameter), as well as the cathode and anode plates of the 10B-RPC module. (b) A closer
view, showing in detail the tip at the cathode (grey colour) used to apply the high voltage and
the monofilament spacers (green colour). The recess in the frame that keeps the glass plates
aligned is also visible.

The cathode plates of 0.3 mm thick aluminium (alloy 5754) were coated on both sides with

high quality 10B4C thin films using DC magnetron sputtering at the ESS detector coatings

workshop (see Figure 6.2). A set of plates necessary to assemble a detector with 10 detection

modules was ordered. The thicknesses of the 10B4C layers on each plate were defined according

to the results from the simulation (see section 5.3).

Figure 6.2: 0.3 mm thick aluminium plate (alloy 5754) with an area of 190 mm × 190 mm,
coated with a 2.2 µm thick layer of 10B4C on both sides.

Due to the high electrical resistivity of the float glass (≈ 1012 Ωcm) used for the anodes,

a layer of material with lower resistivity needs to be deposited on top of the glass to ensure

a uniform potential across the entire surface. For this purpose, a 0.1 mm thick layer of ink
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(composition not disclosed by the manufacturer) with a surface resistivity of ≈ 108 Ω/□ was

lined to the external surface of the glass defining the active area (see Figure 6.3).

Figure 6.3: 0.3 mm thick float glass plate with an area of 200 mm × 200 mm, lined with a ≈
0.1 mm thick layer of resistive ink. The ink layer is on the back side of the plate (as evidenced
by the reflection of light). To match the area of the aluminium cathode plate, the lined area is
only 190 mm × 190 mm. The white area in the top-right corner is a reflection of the lamp.

The XY position of a detected neutron is inferred from the charge signals induced in the

10B-RPC. To read these signals, it was opted for arrays of copper strips parallel to each other

to be installed on the external surface of the anodes: one array for reading the x-coordinate

and another orthogonal to the first for reading the y-coordinate. As the objective was to have a

structure with signal pickup strips independent of the detection module, we chose to implement

the XY strip arrays on a very thin flexible polyimide PCB (FPCB) of 25 µm thick, with an

array on each face. The layout used to order the manufacturing of FPCBs is shown in Figure

6.4 (1 mm pitch, 0.3 mm wide copper strips).

Figure 6.4: Schematics of the FPCB with the XY strip arrays: one on each side of polyamide
film (25 µm thick) and orthogonal to each other.
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The initial step in the detector assembly is the construction of the individual 10B-RPC

modules and the interconnection of the signal pickup strips of each coordinate array with the

same index.

The assembly of the detection 10B-RPC modules starts by inserting the 0.28 mm diameter

PEEK spacers into the FR4 frames (see Figure 6.5a). Next, the aluminium cathode plates are

placed in between the spacer as shown in Figure 6.5b. Then, an anode plate of float glass is

placed on the top and another on the bottom of the cathode, with the spacers defining the gas

gap (see Figure 6.5c). Both plates are held to the 1.5 mm thick FR4 frame with an adhesive

film.

To build the prototype, ten 10B-RPC modules were assembled: modules 1 to 3 have a 10B4C

layer thickness of 0.4 µm, modules 4 to 7 have a 10B4C layer thickness of 0.6 µm and modules

8 to 10 have a 10B4C layer thickness of 2.2 µm.

(a) (b)

(c)

Figure 6.5: (a) 1.5 mm thick FR4 frame. (b) Aluminium cathode plates (0.3 mm thick) coated
with 10B4C. (c) 10B-RPC module. We can see the ink layer lined on the external side of the
glass plates (black colour) for the HV distribution.

As described above, the FPCBs feature two arrays of parallel 25 µm thick and 0.3 mm wide

copper strips with a pitch of 1 mm, separated by 25 µm thick polyamide film (see Figure 6.6a and

6.6b). The array of strips on the bottom of the FPCB, designed to readout the X coordinate, are
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oriented orthogonally to the array strips located on the top, used to readout the Y coordinate

of the event. As in Chapter 5.2, the individual strips of each coordinate array with the same

index are designed to be interconnected and readout using the same electronic channel. To do

this interconnection, an Anisotropic Electrically Adhesive Transfer Tape Type 9703 from 3M

(ACF) [69] was used so we could keep planarity and avoid the need to solder thousands of strips

(see Figure 6.6c and 6.6d).

The FPCBs function as an independent structure, which, for example, allows their geometric

parameters to be changed and to be replaced without having to disassemble the 10B-RPCs. The

FPCBs are assembled in direct contact with the resistive ink that covers the outer surface of

each float glass anode plate, and in between each pair of the neighbouring 10B-RPCs modules,

as well as before the first and after the last 10B-RPC module of the stack (see Figure 5.2).

(a) (b)

(c) (d)

Figure 6.6: (a) Thin Flex PCB with the arrays of XY signal pickup strips. (b) Zoom of the
photo showing the copper strips. (c) ACF applied on the PCB. (d) Electrical contact with strips
being made with an ACF.

6.2 Detector Prototype Assembly

The detector’s enclosure (see Figure 6.7b) consists of an aluminium frame, 450 mm long, 450

mm width, and 50 mm high, with one side faced by an aluminium neutron entry window. To
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minimise the neutron scattering, the window is only 0.2 mm thick in the area overlapping the

detector active area. Both the frame and the window were manufactured at the LIP-Coimbra

mechanical workshop.

The frame has on one of the sides two ports for the gas inlet and outlet and on the opposite

side the feedthroughs for electric connections (SHV and MMCX connectors). The gas tightness

of the enclosure is achieved by two neoprene O-rings, placed in the machined grooves on both

top and bottom sides of the aluminium frame (see Figure 6.8a).

(a) (b)

(c) (d)

Figure 6.7: (a) The stack of ten 10B-RPCs modules. (b) Inside view of the detector aluminium
gas chamber before the 10B-RPC stack is installed. (c) Inside view of the detector aluminium gas
chamber during installation of the 10B-RPC stack. (d) Stack of the 10B-RPCs already installed
inside the detector chamber with the FPCBs plugged into the ZIF connectors.

The back side of the gas-tight chamber consists of a 5-layer signal extraction PCB (Figure

6.7b) with copper tracks to drive the signals from the 2 x 192 signal pickup strips to the front

end charge sensitive preamplifiers. A set of ZIF connectors from Amphenol [70] is installed on

the PCB surface inside the chamber in order to plug the Flex PCBs that make the electrical

contact with the x- and y-pickup strips.

On the outside of the detector chamber, the signal extraction PCB is equipped with a set

of header-type connectors to plug the front end electronics boards (see Figure 6.8b). Both

the signal extraction PCB and the flexible PCBs were designed by us at LIP-Coimbra, and
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manufactured by the Multi-CB company [71].

Each RPC module is 1.56 mm thick, and together with the spacers and the FPCBs, the total

thickness of the stack containing ten 10B-RPC modules is ≈16 mm. The stack (Figure 6.8b)

is mounted inside the detector gas chamber directly under the neutron entrance window and is

kept aligned by 4 pillars. The 10B-RPCs are numbered from 1 to 10, with the 10B-RPC number

one (10B-RPC1) facing the neutron entrance window on the front face of the detector enclosure.

Inside the detector chamber, the interconnected FPCBs are inserted into ZIF connectors that

make contact with the front-end electronic boards (see Figure 6.7c and 6.7d). All strips are

grounded through 10 MΩ resistors.

(a) (b)

Figure 6.8: (a) Side view of the detector with an aluminium entrance window and the gas inlet.
(b) The back side of the detector shows the external side of the signal extraction PCB, where
the set of header type connectors for connecting the front end electronics boards can be seen.

During the tests, the detector is operated in the avalanche mode, with the working gas R134a

(C2H2F4) at atmospheric pressure and room temperature (≈ 25º C), and maintaining a flow

rate of approximately 2 cc/min. The detector is polarised with a negative voltage applied to the

cathodes using a HV power supply (model N471A from CAEN).

6.3 Electronic readout

To readout the nRPC-4D detector prototype it was chosen to use the front end electronics

developed by the LIP RPC group [44] and a data acquisition system (DAQ) based on the
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Triggered-Readout-Board (TRB) family from GSI [72] which contains a versatile FPGA-platform

based on TDC-in-FPGA technology with 10 ps precision, front-end electronics and a complete

system of data acquisition and control software.

The front end electronics consists of two components. First, the timing/trigger amplifier

card (2 channels) is used to read the fast component of the cathode signal (see Figure 6.9a). It

generates the trigger signal for the DAQ. The DAQ registers the cathode trigger states, which

are used to identify the RPC module where the neutron event has occurred. The threshold

of each channel can be individually adjusted. The second component is formed by eight 24-

channel custom charge amplifier cards with an integration time constant of 20 µs and a gain of

250 mV/pC (see Figure 6.9b). They are used to read both the slow component of the cathode

signal and the x- and y-pickup strips signals, which are then recorded by the DAQ.

(a)

(b)

Figure 6.9: (a) Timing/trigger amplifier cards [44], assembled in a metal case to shield against
electromagnetic noise. When the electronic component of the signal from the cathodes exceeds
the threshold, a digital LVDS signal is generated. (b) Front end electronics card with charge
amplifiers [44].

The DAQ is equipped with ADC AddOns comprising four 48-channel 12-bit streaming ADCs

with 40 MHz sampling rate and in-board digital pulse processing (Figure 6.10). In total, only 4

ADC AddOn cards were used, corresponding to 192 DAQ channels available for the prototype
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readout. Figure 6.11 shows a general view of the entire detection system already assembled.

(a) (b)

Figure 6.10: (a) TRB3 board. (b) ADC addon installed on the TRB3 board [72].

Figure 6.11: Detector prototype already assembled and connected to the DAQ system.

Ten channels are used for the cathodes readout, the remaining 182 channels are allocated

for the readout of the signal pickup strips: 86 for the X coordinate and 86 for the Y coordinate.

The pickup strips cover a total area of 187 mm x 187 mm. However, due to the limited number

of available front end electronic cards and, consequently, the limited number of DAQ channels,

the resulting maximum readout area is only 86 mm x 86 mm. Since we want to be able to

access the entire active area of the detector for its characterisation, the front end cards can be

moved in between different connectors for both X and Y coordinates, changing the area to be

readout. To establish the correspondence between the front-end electronic card positions and

the detector area to be readout, I created a mapping algorithm. The algorithm associates each

array of strips in its corresponding connector with a unique index value. It also does the same

for each array of DAQ channels in its corresponding front end electronics card. Therefore, by

giving an input that corresponds to a given index of a card inserted into a connector with a

certain index, it is possible to establish the connection between the array of DAQ channels and
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the array of pickup strip positions, giving, as an output, the corresponding detector area being

readout. The algorithm also provides the user with warnings if the front end cards are inserted

incorrectly (e.g., if there are no cards connected to the cathode channels). The algorithm was

implemented in the frame of the data analysis software used by the group and it is written in

the JavaScript programming language. The developed code is listed in Appendix A.

6.4 Data Acquisition and Processing

6.4.1 Waveform processing

The DAQ system has been configured to record waveforms of the induced charge signals on the

strips and cathodes with a duration of 4 µs and 20 samples (sampling time of 200 ns). It should

be noted that the DAQ allows recording waveforms with a sampling time of 25 ns, however, in

our case we chose to use a downsampling of 8 to reduce the data size. A typical example of the

waveforms registered for a neutron event is shown for both the x- and y-strips as well as the

cathodes in Figure 6.12. The recorded data is saved into binary files.

Figure 6.12: Waveforms of a neutron event for the x-strips (index 0 to 90) and y-strips (index
91 to 181) and also for the cathode channels (index 182 to 191).

The first step in the data analysis of a registered event is to link each strip and cathode with

a signal value: the amplitude of the corresponding waveform. This information is then used to
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discriminate between neutron events and background noise, position reconstruction.

There are three steps in the procedure used to obtain the amplitude of each waveform.

Firstly, the waveform is smoothed using the adjacent averaging method, which uses three data

points around a value to calculate its average. Secondly, the baseline, which corresponds to the

logical zero of the sampled data, is calculated by averaging the first 5 samples of the waveform.

Lastly, the baseline value is subtracted from the signal value for each strip at the time of the

largest maximum amplitude signal. Figure 6.13 shows an example of a raw waveform on the left

and the same waveform on the right after smoothing with adjacent averaging.

Figure 6.13: Example of the waveforms for one of the strips: (a) raw data; (b) processed
waveform.

6.4.2 Neutron Event Selection

In order to discriminate the neutron events from the background ones, I have developed an

algorithm that applies a set of criteria to the processed experimental signals, which have to be

fulfilled for an event to be recognised as a valid neutron event. Those criteria are:

1. A neutron event should simultaneously induce signals above a defined threshold on a

specific number of x- and y-pickup strips and in only one of the cathodes;

2. The induced signals above the threshold should be present in more than one consecutive

pickup strip, in a group by their index. Such groups are named clusters: for instance, in

Figure 6.12, the indexes from 65 to 68 and from 141 to 143 form two clusters, respectively

for the X and the other for Y coordinates. Only clusters having at least two strips with

signal above the threshold are validated as being neutron events;

3. Events with more than one cluster in X or Y direction are excluded, as it is not possible

to establish a correspondence between the clusters in the two coordinates in order to

reconstruct the neutron event position;
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4. Only clusters that present a distribution for signal amplitude with just one peak are

considered valid for neutron events.

The algorithm was also implemented in the frame of the data analysis software used by our

group, and it is written in the JavaScript programming language. The developed code is listed

in Appendix B.
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Prototype Tests on a Neutron Beam

After being assembled, preliminary tests of the prototype on a neutron beam were performed

at the SINQ neutron spallation source at PSI. It marked the first time that both the nRPC-

4D prototype was exposed to neutrons and the timing capabilities of a 10B-RPC were put to

the test. Due to limitations of beam time availability, the experimental tests described in this

chapter were performed during a very short time interval of two and half days. This fact limited

the number of experimental tests we were able to perform.

In the first two days the experiments were conducted at the beamline of the NARZISS

reflectometer. The beamline provides a monochromatic beam with a 4.94 Å wavelength at

low intensity. The experiments aimed to characterise the detector’s response of the 10B-RPCs

modules to thermal neutrons and verify the shape and consistency of the charge spectra, obtained

from the signals induced on the cathodes, for different irradiated locations of the detector active

area.

In the last half day, the experiments were performed at the Beamline for Neutron Optics

and Other Approaches (BOA), which provides a high-intensity quasi-continuous white beam,

covering a wide range of neutron wavelengths. The tests at BOA had two objectives: firstly, to

evaluate the timing capabilities of the detector for TOF experiments by measuring the neutron

time of flight and calculate its wavelength spectrum and secondly, to validate the novel method

described in Chapter 5 for identifying the 10B4C layer where the detected neutron was captured.

7.1 Experimental Setup at NARZISS Beamline

In the neutron beamline of the NARZISS reflectometer, two tests were conducted in order to

do a preliminary characterisation of the detector response to thermal neutrons. For these tests,

two different experimental setups were assembled.
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The first experimental setup is illustrated in Figure 7.1. The neutron beam was collimated

by three slits placed along the beamline, all having an aperture area of 1 mm x 10 mm (width

x height). The slits S1, S2 and S3 were placed at the distance of 210 cm, 146.5 cm, and 14 cm,

respectively, from the detector. The detector window was oriented normally to the beam.

Throughout these measurements, the detector was not connected to the DAQ system de-

scribed in chapter 6. Instead, the cathode signal was fed to an ORTEC preamplifier 142AH

(sensitivity of ≈ 0.7 V/pC). After amplification the signal was shaped using a linear amplifier

and recorded using a multichannel analyser (Amptek’s MCA-8000D).

Figure 7.1: Schematic view of the first experimental setup in the beamline of the NARZISS
reflectometer.

For the second experimental setup (Figure 7.2), the neutron beam was collimated only by

slit S1 with an aperture of 1 mm x 50 mm and slit S2 with an aperture of 1 mm x 25 mm.

The distance of both slits from the detector remained the same as for the previous setup. The

detector was mounted on a mechanised table, enabling horizontal movement across the beam

in regular steps. This allowed us to check the uniformity of the detector spatial response using

the same irradiation conditions. In this experimental setup, the detector was connected to the

DAQ system to record the signals from the strips and cathode.

Figure 7.2: Schematic view of the second experimental setup in the beamline of the NARZISS
reflectometer.
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(a) (b)

Figure 7.3: (a) Assembly of the experimental setup, detector mounted on the mechanised table.
(b) Back view of the detector (back lid is not yet installed), showing the connections between
the front end electronic boards and the DAQ.

7.2 Test Results at NARZISS

7.2.1 Plateau Measurement Results

The results presented in this sub-section are from the measurements realised with the first

experimental setup (Figure 7.1).

The thermal neutron plateau (counting rate vs. applied voltage on the cathode of the

10B-RPC) was measured using the multichannel analyser by recording the number of events

in an interval of 100 s for each 10B-RPC module as a function of the HV applied to their

cathodes. While taking measurements, it was observed that the 10B-RPC modules 1, 4, and 7

were not operational. As a result, the three non-functional RPCs were unable to be operated

and tested. Upon further investigation after the detector was disassembled at LIP, it was found

that the soldering between the cathode and the SHV connector had become disconnected, most

likely during the detector transportation. Figure 7.4 shows the plateau measured for the seven

operational 10B-RPC. It can be seen that for most 10B-RPC modules, the plateau extends over a

range of 200V, and the knee appears at around 1800V. The only exception is for the 10B-RPC 8,

where the plateau extends over a range of about 100V, and the knee appears at around 1900V.

The relative neutron detection efficiency of the 10B-RPC modules was calculated by considering

the count rates measured with an applied voltage on the 10B-RPCs cathodes of 1900 V.

These counting rates were then compared with the contribution of each 10B-RPCs to the

detection efficiency obtained from a Monte Carlo simulation of the detector (see Chapter 5.3),

using a neutron wavelength of 4.94 Å(Narzis beamline). Comparing the simulated contributions
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to detection efficiency with the scaled relative counting rates revealed a good match between

the two results (see Figure 7.5).

Figure 7.4: Counts per second as a function of the voltage applied to the cathodes for each
10B-RPC module.

Figure 7.5: Simulated contributions to the detection efficiency of each 10B-RPC (blue) and the
respective measured counting rates, scaled (red). The scaling of the experimental data was
performed by multiplying the count rate values with a factor such that both curves have the
same value for RPC index 5.

Figure 7.6 shows the charge spectra measured in three different conditions: The blue curve

was measured when the beam shutter was open, allowing the passage of neutrons; the green

curve was measured by placing an absorber composed of Boron Carbide in front of the detector

window, so that the neutrons would be absorbed before reaching the detector, and only the

gamma-rays, originated from neutron-induced processes in the surrounding materials, hit the
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detector. The red curve is the environment background, and to record it, the beam shutter was

closed, and the detector was counting only the environmental radiation and its own dark-count

background. As the response for all operational 10B-RPC modules was similar, only the results

for module number 2 are shown in Figure 7.6.

As expected from previous results [73], the charge spectrum for the neutron events (blue

curve in Figure 7.6) exhibits two distinct regions: a narrow peak in the smaller induced charge

region and a broader one at larger charges. Based on the experimental results, the shape of the

distribution also indicates that the detector is correctly operating in avalanche mode, without

the presence of streamers.

The part of the charge spectrum originating from the detection of gamma rays and back-

ground exhibits only a narrow peak within the small induced charge region, similar to the one

seen in the spectrum registered with the beam shutter open. This suggests that the events in

this region can be attributed to mostly gamma rays and background radiation. As a result, the

suppression threshold can be established in the middle of the valley of the blue curve (neutron

events), near channel 12. This threshold can be considered an effective criteria for the dis-

crimination of the gamma rays and background events, with a small fraction of neutron events

rejected.

Figure 7.6: Measured charge spectra for: (blue) beam shutter open; (green) beam shutter open
but with a 10B4C neutron absorber in front of the detector window; (red) beam shutter closed
(detector’s dark counts and environmental background).

7.2.2 Charge Spectrum Uniformity Over The Active Area

The results presented in this sub-section are from the measurements taken in the second exper-

imental setup (Figure 7.2).
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During attempts to operate all 10B-RPC modules simultaneously (except modules 1, 4 and

7), it was noticed a significant electromagnetic noise in the triggering system originating from

the machinery of the experimental hall. This noise caused a high triggering rate that exceeded

the capacity of the DAQ system and resulted in it becoming overloaded. Due to the time

constraints already mentioned before and the fact that the DAQ was not prepared to operate

in such a high-noise environment, it was decided to proceed with the planned tests using only

one 10B-RPC, specifically module 2.

Figure 7.7 shows five charge spectra of the cathode signals recorded by the DAQ with the

detector area irradiated in five different positions. All spectra are normalised to the highest

event count. The events below the suppression threshold are not shown. The measured charge

spectrum for all positions displays a similar profile except for position 5. The peak for position

5 (magenta curve in Figure 7.7) is observed at around ADC channel 850, while for the remain-

ing positions, the peak appears at around ADC channel 1000. After conducting a thorough

inspection, I observed that the time interval between the position 4 and position 5 acquisitions

was significantly longer compared to the time interval between the first four acquisitions. This

difference in time, combined with the movement of the detector, may have led to a change in

the gas conditions inside the gas-tight chamber, affecting the gas amplification and resulting in

a different charge spectrum for the fifth position. Although the conditions in position 5 were

different from the conditions in the other four, the difference observed in the charge spectrum

is minor, suggesting a uniform response of the detector across the active area. This behaviour

indicates the absence of major variations in the gas gap width and no fluctuations of the electric

field throughout the active area.

Figure 7.7: The distribution of the cathode signals for each irradiated position.
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While the data sets for the acquisitions were very small (limited to approximately 8000

events each), I decided it was still useful to reconstruct the images of the 2D position for the

neutron events. This would not just provide information about the capabilities of the detector

to resolve the XY position but also to analyse if there was any problem with the connection of

the pickup strips to the ZIF connectors or any dead channels in the front end electronic boards.

Since the front end electronic cards were moved to cover different areas of the detector

sensitive area (as mentioned in Chapter 6.3), I needed to establish the correspondence between

the position of the front end electronics boards with their corresponding x- and y-pickup strips

by using my mapping algorithm (see Appendix A). Next, I utilised the neutron event selection

algorithm (see Appendix B) to separate the good neutron events from the background ones.

The minimum threshold for the cathode value was set to ADC channel 400, which is a value in

the valley region of the charge spectra shown in Figure 7.7, that had the best trade-off between

the number of rejected background events and the number of neutron events. To determine the

XY coordinates of an event, I applied the centre of gravity algorithm [74]. The reconstructed

positions are presented in Figure 7.8. It is observed a similar profile of the reconstructed images

throughout all irradiated areas, with an image on the detector of about 5 mm width and 70

mm height. Since the position reconstructions have a similar profile and the charge spectra had

minor observed differences, this fact suggests a uniform response of the detector over the active

area.

Another important remark is that both algorithms (see Appendix A and B) worked success-

fully in the mapping of the electronic channels with the correspondent x- and y-pickup strips

and by separating background events from neutron events.

In the images of the reconstructed events position, several gaps appear in the same region for

the different detector positions. After analysing other reconstruction images which were made

for the different readout areas of the detector, it was possible to verify that the gaps located at

Y positions of 3mm and -24 mm remained, indicating that they are caused by malfunctioning

channels in the front-end electronics cards. After the disassembly of the detector at our labora-

tory, it was concluded that the gap at the Y position -5 mm is due to a non-functional pickup

strip. The gap at the Y position of -55 mm only appears when the detector is irradiated in

position 3, suggesting a malfunction of the front-end electronics or the DAQ only during this

acquisition.
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Figure 7.8: Images of the reconstructed neutron events positions from region 1 to 5.

7.3 Experimental Setup at BOA Beamline

The measurements on the BOA beamline were conducted only with the 10B-RPC module 2 due

to the same electromagnetic noise issues faced at the NARZISS beamline. At the BOA neutron

beamline, a high-intensity quasi-continuous white beam is available, which covers a wide range

of neutron wavelengths.
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An experimental setup to measure the neutron time-of-flight was assembled, as illustrated in

Figure 7.9. The neutron beam is collimated by a cadmium slit with a 10 mm x 10 mm aperture.

Figure 7.9: Schematics of the experimental setup at the BOA beamline.

A chopper is installed after the slit. It is a device that consists of 10B4C blades that rotate

at a frequency of 9.5 Hz and block the beam during part of its motion, allowing the neutrons to

pass when the blades are in a narrow acceptance angle with the beam direction. The chopper

transforms the quasi-continuous neutron beam into a pulsed beam. It also provides a timestamp

(T0) corresponding to the time instant when a bunch of neutrons exit the chopper (Figure 7.10).

The neutrons travel 6.87 m before reaching the detector, and the fast ones arrive at the detector

earlier than the slow ones, allowing to differentiate them by measuring the time of flight. In

order to minimise the neutron scattering in air, a vacuum tube with sapphire windows on both

sides is placed between the chopper and the detector. When a neutron reaches the detector,

if the detection happens, the induced signals from the strips and cathode are recorded by the

DAQ. The fast component of the cathode signal is used to define a timestamp (Tf ) for the end

of the neutron flight.

Figure 7.10: Diagram of the chopper working principle. The chopper transforms the quasi-
continuous neutron beam into a pulsed beam. It also provides a timestamp (T0) corresponding
to the start moment of the neutron flight.
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(a) (b)

Figure 7.11: (a) Experimental setup at the BOA beamline. Left: Assembly of the experimental
setup. (b) Setup already assembled, detector protected with sheets of 10B4C to absorb scattered
and divergent neutrons.

7.4 Results from BOA

7.4.1 Measurement of the Neutron TOF

As a first step, it is mandatory to verify if the time difference from neighbouring chopper

timestamps corresponds to the configured frequency for the chopper rotation, which was 9.5

Hz (T ≈ 52 ms). The distributions of the time between the neighbouring chopper timestamps

(see Figure 7.12) show that the frequency recorded by the DAQ was not stable, presenting false

triggers before the chopper configured frequency. The further analysis was performed ignoring

those trigger pulses which had < 51 ms from the previous one.

Figure 7.12: Histogram of the chopper trigger pulses.
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For each detected neutron, the neutron TOF is determined by calculating the time differ-

ence between the timestamp provided by the cathode and the chopper. Figure 7.13 shows the

measured number of neutron events as a function of the neutron TOF.

Figure 7.13: Measured number of neutron events as a function of the time of flight.

In order to compare the obtained result with the actual data from the BOA beamline [75],

It was needed to compute the neutron wavelength spectrum, which is the number of neutrons

impacting on the detector as a function of the neutron wavelength. By calculating the neutron

velocity from the neutron TOF and using de Broglie’s momentum wavelength equation (Equation

2.11), it is possible to calculate the neutron wavelength. The number of detected neutrons is not

equal to the number of neutrons impacting on the detector. This is due to the neutron capture

cross section dependence on the wavelength of the neutron, which results in a different number

of detected neutrons for each wavelength. So, to obtain the number of neutrons impacting on

the detector, we need to divide the number of the detected neutrons for a certain wavelength by

its corresponding detection efficiency. These values are obtained first by performing 20 Monte

Carlo simulations of the detector (see Chapter 5.3), each using different neutron wavelengths

across a range of 0.1 to 20 Å. The simulated detection efficiency as a function of the neutron

wavelength is presented in Figure 7.14. The detection efficiency in between the simulated points

is estimated by performing linear interpolation. The neutron wavelength spectrum is shown in

Figure 7.15a.
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Figure 7.14: Simulated detector’s detection efficiency as a function of the neutron wavelength.

(a) (b)

Figure 7.15: (a) Measured neutron wavelength spectrum for the BOA beamline. (b) Neutron
wavelength spectrum for BOA beamline (black curve). The second graph is taken from [75]

There is a good agreement between the measured neutron spectrum and the one for the BOA

beamline presented in Figure 7.15b, with the peak for the measured spectrum and the one in

literature both being around 3 Å.

7.4.2 Identification of the 10B4C Layer Where Neutron is Captured

Benefiting from the strong intensity of the neutron beam at the BOA beamline that allowed us

to quickly acquire large datasets, we can verify that the sum of the induced signals for the x-

and y- pickup strips follow the predictions made in Chapter 5 for the events that happen in the

upper or lower gap of a 10B-RPC.

The distributions for the sum of the amplitudes of the x- and y-strip signals are shown
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in Figure 7.16. Both distributions exhibit two distinguishable peaks, the first being higher

and somewhat narrower than the second one. As discussed in Chapter 5, these peaks can be

explained by the presence of two types of events corresponding to the neutron captures in the

upper or lower 10B4C layer of the cathode. As the upper gas gap is faced by the x-strips, the

y-strips are partially screened by the x-ones, and therefore, the sum of the x-signals is larger.

On the contrary, the lower gas gap is faced by the y-strips, so the sum signal of y-strips is larger

than that for x-strips.

Figure 7.16: Histograms of the sum of the amplitudes of the x- and y-strip signals, (a) and (b),
respectively.

Figure 7.17: Density plot of the sum signal in the Y direction versus the sum signal in the X
direction.

The presence of two types of events is more clear when making a density plot of the sum

signal in the Y direction versus the sum signal in the X direction, where we can see two well-
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separated regions (see Figure 7.17). Computing the ratio between the number of events that

are attributed to the upper gap by the lower gap ones, we get a value of about 1.007, which is

an expected difference due to the attenuation of the beam crossing the cathode with two layers

of 10B4C.

Taking into account the good separation of the two peaks shown in Figure 7.17 and the

ratio of the number of events in the upper and the lower gaps being consistent with the neutron

attenuation by crossing the cathode plate, we can conclude that the selected design of the pickup

strips for the nRPC-4D detector is adequate for the identification of the 10B4C layer where the

detected neutron was captured. This solves the ambiguity inherent in the use of the cathode

signal for the determination of the Z coordinate and TOF measurements when the individual

strips of each coordinate array with the same index are interconnected and readout using the

same electronic channel.
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Conclusions and Outlook

The current state-of-the-art neutron detectors are still unable to meet the requirements set

for modern instruments in neutron scattering science experiments planned for the European

Spallation Source (ESS), the future spallation sources, the upgrade programs of the existing

facilities and to replace 3He without a loss in performance and a significant increase in costs.

Motivated by this, a novel concept of a thermal/cold neutron detector based on the 10B-RPC

technology has recently been introduced, called the nRPC-4D. The big goal of the project

ongoing in LIP is to demonstrate that an nRPC-4D detector can provide a four-dimension

readout capability (XYZ and time) of the neutron events with submillimetre positional and

ns-scale timing resolution, making it a competitive alternative compared with the performance

of the current state-of-the-art neutron detectors.

Aligned with this goal, the main objectives of the work on this thesis were to construct such

a detector prototype and perform its characterisation with thermal neutrons. My main efforts

during this work consisted in the assembly of a detector prototype implementing the nRPC-4D

detector concept, the development of data processing tools, and the subsequent data analysis of

the experimental results.

The prototype was assembled, tested in our lab and shipped to PSI for the characterisation at

a neutron beamline. The measured continuing rates from the individual modules have shown a

good match with the predictions of the Monte Carlo simulations, demonstrating good predictive

power of the developed simulation model.

The capability of the prototype to precisely identify the XY as well as Z position of the

neutron events was demonstrated. An improvement in comparison with the previous generation

10B-RPC detector was achieved as the new prototype is capable of precisely identifying the

converter layer of the triggered RPC unit where the neutron is captured.

Also, for the first time for this detection technology, the capabilities of a 10B-RPC unit to
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measure the neutron time of flight were shown. The detector was able to record the neutron

wavelength spectrum of the BOA beamline, and the results show a close resemblance to the

actual data known for this beamline.

The experimental results showcased the capabilities of the detector to simultaneously resolve

the neutron event XYZ position and measure the neutron TOF. It can concluded that the

proposed detector is indeed a promising technology for cold/thermal neutron detection, being

a strong candidate for emerging neutron scattering science techniques such as TOF neutron

diffraction, macromolecular neutron crystallography and energy-resolved neutron imaging.

Based on the demonstrated predictive power of the simulations, our group plans to continue

the optimisation process of the detector design in terms of detection efficiency, the level of elastic

scattering inside the detector and gamma background sensitivity. New low-resistivity glass will

be used to construct the detector anode plates, allowing to significantly increase the detector

counting rate.

The issues identified during this experimental campaign will also be addressed. The front-

end electronics will be upgraded to be more robust and less sensitive to the environmental noise.

The DAQ system will also be upgraded so as to be able to readout the entire sensitive area of

the detector. A series of tests with the intent of further understanding the detector capabilities

are currently being planned for different neutron facilities, beginning from a beamline at ILL,

already in the early 2024.
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DAQ Channels and Pick-up Strips

Mapping Script

1 /*

2 // top -right

3 var boards_slots_x = [0, 0, 0, 0, 11, 12, 21, 22] // cathode index [7]

4 var boards_slots_y = [31, 32, 41, 42, 0,0, 0, 0] // cathode index [3]

5 // top -left

6 var boards_slots_x = [11, 12, 21, 0, 0, 0, 0, 22] // cathode index [7]

7 var boards_slots_y = [31, 32, 41, 42, 0,0, 0, 0] // cathode index [3]

8 // bottom -right

9 var boards_slots_x = [0, 0, 0, 0, 11, 12, 21, 22] // cathode index [7]

10 var boards_slots_y = [0, 0, 0, 42, 0, 31, 32, 41] // cathode index [3]

11 */

12 // bottom -left

13 //var boards_slots_x = [11, 12, 21, 0, 0, 0, 0, 22] // cathode index [7]

14 //var boards_slots_y = [0, 0, 0, 42, 0, 31, 32, 41] // cathode index [3]

15

16 // middle

17 //var boards_slots_x = [0, 0, 11,12, 21, 0, 0, 22] // cathode index [7]

18 //var boards_slots_y = [0, 0, 31, 42, 32, 41, 0, 0] // cathode index [3]

19

20 //var boards_slots_y = [0, 0, 0 , 42, 31, 32, 41, 0] // Y for uniform measure

21 //var boards_slots_x = [ 0, 0, 0, 0,11,12, 21, 22] //right

22 //var boards_slots_x = [11,12, 21, 0, 0, 0, 0, 22] //left

23 //var boards_slots_x = [0, 0, 11,12, 21, 0, 0, 22] //Xmid //////////////

24

25 //var boards_slots_y = [31, 32, 41, 42, 0,0, 0, 0] // top

26

27 /*

69



Appendix A. DAQ Channels and Pick-up Strips Mapping Script

28 // BOA - 2dec

29 var boards_slots_x = [0, 0, 0, 11,12, 21, 0, 22] //Xmid

30 var boards_slots_y = [0, 0, 0, 42, 31, 32, 41, 0] // top

31 */

32

33 // NARZIS_RUN7

34

35 //var boards_slots_x = [11, 12, 21,0, 0, 0, 0, 22]

36 //var boards_slots_y = [0, 0, 0, 42, 31, 32, 41, 0]

37 // NARZIS_RUN8_9

38 //var boards_slots_x = [0, 0, 0, 0, 11, 12, 21, 22]

39 //var boards_slots_y = [0, 0, 0, 42, 31, 32, 41, 0]

40 // NARZIS_RUN10

41 var boards_slots_x = [0, 0, 11, 12, 21, 0, 0, 22]

42 var boards_slots_y = [31, 32, 41, 42, 0, 0, 0, 0]

43 // NARZIS_RUN4_5_6

44 //var boards_slots_x = [0, 0, 11, 12, 21, 0, 0, 22]

45 //var boards_slots_y = [0, 0, 0, 42, 31, 32, 41, 0]

46

47

48 //Pins

49 var pins = []

50 for (var i = 0; i < 16; i++) pins.push ([])

51

52 for (var i = 0; i < 187; i++){

53 // Xpins

54 if (i < 24){ pins [0]. push(i)}

55 if (i>=24 && i<48) pins [1]. push(i)

56 if (i>=48 && i<72) pins [2]. push(i)

57 if (i>=72 &&i<96) pins [3]. push(i)

58 if (i>= 96 && i<120){ pins [4]. push(i)}

59 if (i >=120 && i <144) pins [5]. push(i)

60 if (i >=144 && i <168) pins [6]. push(i)

61 if (i >=168 && i <187) pins [7]. push(i)

62 // Ypins

63 if (i < 24){ pins [8]. push(i)}

64 if (i>=24 && i<48) pins [9]. push(i)

65 if (i>=48 && i<72) pins [10]. push(i)

66 if (i>=72 &&i<91) pins [11]. push(i)

67 if (i>= 91 && i<115){ pins [12]. push(i)}

68 if (i >=115 && i <139) pins [13]. push(i)

69 if (i >=139 && i <163) pins [14]. push(i)

70



70 if (i >=163 && i <187) pins [15]. push(i)

71

72 }

73

74 // Boards

75 var board = [[], [], [], [], [], [], [], []]

76

77 for (var i = 0; i < 192; i++){

78

79 if (i < 24){ board [0]. push(i)}

80 if (i>=24 && i<48) board [1]. push(i)

81 if (i>=48 && i<72) board [2]. push(i)

82 if (i>=72 &&i<96) board [3]. push(i)

83 if (i>= 96 && i<120){ board [4]. push(i)}

84 if (i >=120 && i <144) board [5]. push(i)

85 if (i >=144 && i <168) board [6]. push(i)

86 if (i >=168 &&i <192) board [7]. push(i)

87

88 }

89

90

91

92 var boards = [11 ,12 ,21 ,22 ,31 ,32 ,41 ,42]

93

94 var dict = {11: ’n’ , 12: ’n’ , 21: ’n’, 22: ’n’ , 31: ’n’ , 32: ’n’, 41: ’n’

, 42: ’n’ }

95

96 var checkx = 0

97 var checky = 0

98

99

100

101 //check for duplicates

102 for (var i=0;i<8;i++){

103 number=boards[i]

104 var count = 0

105 for (var j = 0; j<8;j++){

106 if (number == boards_slots_x[j] || number == boards_slots_y[j]) count

++

107 if (count >1) core.abort(’Error: Duplicates in Boards slots ’)

108 }

109
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110 }

111

112 if (boards_slots_x [7]!=22) core.print(’Are you sure the x cathodes are connected

in the right way? ’)

113 if (boards_slots_y [3]!=42) core.print(’Are you sure the y cathodes are connected

in the right way? ’)

114

115 for (var i = 0; i<boards_slots_x.length; i++)

116 {

117 if (boards_slots_x.length+boards_slots_y.length ==16)

118 {

119 if (boards_slots_x[i]!=0)

120 {

121 if (checkx >= boards_slots_x[i]) core.print(’Warning: Strange order

of connector in X’)

122

123 if (boards.indexOf(boards_slots_x[i]) != -1)

124 {

125 dict[boards_slots_x[i]]= i

126 // position [0]. push(i);

127 checkx = boards_slots_x[i];

128 }

129 else core.abort(’Error: not valid board in boards_slots_x ’)

130 }

131

132 if (boards_slots_y[i]!=0){

133

134 if (checky >= boards_slots_y[i] ) { if (boards_slots_y [3]!=42) core.

print(’Warning: Strange order of connector in Y’)}

135

136 // if (i==3) last=i

137 if (boards.indexOf(boards_slots_y[i]) != -1)

138 {

139 dict[boards_slots_y[i]]= i + boards_slots_x.length

140 // position [1]. push(i);

141 checky = boards_slots_y[i];

142 }

143 else {core.abort(’Error: not valid board in boards_slots_y ’)}

144 }

145 }

146 else

147 {
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148 core.abort(’ERROR: Wrong number os slots.’)

149 }

150 }

151

152

153 //core.print(dict)

154 var xLUT = []

155 var yLUT = []

156

157 var c = 93

158 var offset = 0

159

160

161 for (var i = 0; i<boards.length;i++){

162 b = boards[i]

163 location = dict[b]

164 if (location <8 && location !=’n’ ){

165 //core.print(location)

166 boardxn = board[i]

167 if (location ==7){boardxn.splice (0,5)}

168 offset = pins[location ][0]-c-boardxn [0]

169 for (var l=0;l<boardxn.length;l++){

170 var xi = offset + boardxn[l]

171 xLUT.push(xi)

172 }

173

174 }

175 else if (location == ’n’)continue

176 else{

177 boardyn = board[i]

178 if (location ==3+8){boardyn.splice(boardyn.length -5,5)}

179 offset = pins[location ][0]-c-boardyn [0]

180 for (var l=0;l<boardyn.length;l++){

181 var yi = offset + boardyn[l]

182 yi = -yi

183 yLUT.push(yi)

184 }

185

186

187

188 }

189 }
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190

191 core.print(xLUT)

192 core.print(xLUT.length)

193 core.print(yLUT)

194 core.print(yLUT.length)
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Neutron Event Selection Script

1 //Using logical channels (cathodes are in the end!)

2 var logicalXs = [0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17,

18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36,

37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55,

56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74,

75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90]

3 var logicalYs = [91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104,

105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 115, 116, 117, 118, 119,

120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 134,

135, 136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149,

150, 151, 152, 153, 154, 155, 156, 157, 158, 159, 160, 161, 162, 163, 164,

165, 166, 167, 168, 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179,

180, 181]

4 var cathodeLUT = [182, 183, 184, 185, 186, 187, 188, 189, 190, 191]

5

6 var Xpos =[-45, -44, -43, -42, -41, -40, -39, -38, -37, -36, -35, -34, -33, -32,

-31, -30, -29, -28, -27, -26, -25, -24, -23, -22, -21, -20, -19, -18, -17,

-16, -15, -14, -13, -12, -11, -10, -9, -8, -7, -6, -5, -4, -3, -2, -1, 0, 1,

2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,

23, 24, 25, 26, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89,

90, 91, 92, 93]

7 var Ypos =[93, 92, 91, 90, 89, 88, 87, 86, 85, 84, 83, 82, 81, 80, 79, 78, 77,

76, 75, 74, 73, 72, 71, 70, 69, 68, 67, 66, 65, 64, 63, 62, 61, 60, 59, 58,

57, 56, 55, 54, 53, 52, 51, 50, 49, 48, 47, 46, 45, 44, 43, 42, 41, 40, 39,

38, 37, 36, 35, 34, 33, 32, 31, 30, 29, 28, 27, 26, 25, 24, 23, 22, 21, 20,

19, 18, 17, 16, 15, 14, 13, 12, 11, 10, 9, 8, 7, 6, 5, 4, 3]

8

9

10

11
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12

13 var numEvents = events.countEvents ()

14 var sigAr = events.GetPMsignals ()

15 events.SetReconstructedAllEventsGood(true)

16 var eventcount = 0

17 var minsig = 50 // minimum th for the strip

18 var catmin = 400 // minimum th for the strip

19 var pickmin = 200 // minimum th for the cluster peak

20

21

22 // diagnotics

23 var cathevent = 0 //no signal on the cathode

24 var xmultievent = 0 //no signal on the xstrips

25 var ymultievent = 0 //no signal on the ystrips

26 var blwthevent = 0 //peak below th

27 var xnoevent = 0 //no clusters in x

28 var ynoevent = 0 //no clusters in x

29 var doublepick = 0 // multiple peak in cluster

30 var thsumsig = catmin //th to check how many sum signals in the strips are above

the catmin

31

32

33 var gap1 = 0

34 var gap2 = 0

35

36

37

38 hist.NewHist("Mx" ,100,0,20)

39 hist.NewHist("My" ,100,0,20)

40 hist.SetTitles("Mx", "Multiplicity X Direction","")

41 hist.SetTitles("My", "Multiplicity Y Direction","")

42

43

44

45 hist.NewHist("time" ,16,0,0)

46 hist.SetTitles("time", "Time (ms)","")

47

48 hist.NewHist("lambda" ,16,0,0)

49 hist.SetTitles("lambda", "Wavelength (#AA)","Number of events per bin")

50 hist.NewHist("SumX" ,100,0,0)

51 hist.SetTitles("SumX", "Sum Signal X Direction","Number of events per bin")

52 hist.NewHist("SumY" ,100,0,0)
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53 hist.SetTitles("SumY","Sum SignalY Direction","Number of events per bin")

54

55 hist.NewHist2D( "2DSumsignal", 100, 0, 0, 100, 0, 0 )

56 hist.SetTitles("2DSumsignal","Sum Signal X Direction","Sum Signal Y Direction")

57

58 for(iEv = 0; iEv <numEvents; iEv ++){

59

60 var findx = 0

61 var findy = 0

62 var sig = sigAr[iEv]

63 var catcount = 0

64 if(sigAr[iEv ][202] > tchopper){tchopper = sigAr[iEv ][202]}

65 if(sigAr[iEv ][202] < tchopper && sigAr[iEv ][202]!=0){tchopper = sigAr[iEv

][202]}

66

67 for(icat =0; icat <cathodeLUT.length;icat ++){

68

69 var cathlogical = cathodeLUT[icat]

70 var sigcat = sig[cathlogical]

71 if(sigcat >catmin){

72 catcount ++

73 var catodo = cathlogical -181

74

75 }

76 }

77 if(catcount ==0){

78 cathevent ++ // diagnostics

79 var xevent = []

80 var Xallevents = [] //list in this way [[[ list of strips in event], center ]]

81 var yevent = []

82 var Yallevents = []

83 var xcenter = 0

84 var ycenter = 0

85 var maxsig = 0

86 var countmax = 0

87

88 //vou processar os clusters a seguir , considerando sempre o de maior amplitude

e com um th de 400. verificar t a m b m os duplos picos

89 // analize x signals

90 for(ixsig = 0; ixsig <logicalXs.length; ixsig ++){

91 var xlogical = logicalXs[ixsig]

92 //if (xlogical ==8 || xlogical ==9 || xlogical ==10 || xlogical ==11) continue
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93

94 var xsig = sig[xlogical]

95 if(xsig > minsig){

96 xevent.push(ixsig)

97 if(maxsig <xsig){

98 maxsig = xsig

99 xcenter = xevent.length -1

100 }

101 }

102

103 else if(xsig <minsig && xevent.length <2){

104 //no event

105 xevent = []

106 xcenter = 0

107 maxsig = 0

108 }

109

110 else if(xsig <minsig && xevent.length >=2){

111 // possible event

112 if(sig[logicalXs[xevent[xcenter ]]]> pickmin){

113 // event in x!

114 Xallevents.push([xevent , xcenter ])

115 xevent = []

116 xcenter = 0

117 maxsig = 0

118

119

120 }

121 else{

122 xevent = []

123 xcenter = 0

124 maxsig = 0

125

126

127 }

128 }

129

130 else if(ixsig ==( logicalXs.length -1)){ //last strip

131 if(sig[logicalXs[xevent[xcenter ]]]> pickmin){

132 // event in x!

133 Xallevents.push([xevent , xcenter ])

134 xevent = []
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135 xcenter = 0

136 maxsig = 0

137 }

138 else{

139 xevent = []

140 xcenter = 0

141 maxsig = 0

142 }

143

144 }

145 } //end of x for

146

147 if(Xallevents.length ==0){

148 xnoevent ++

149 events.SetReconstructionOK(iEv , false)

150 continue

151 //core.print ("x")

152 //core.print(Xallevents)

153 }

154

155

156 if(Xallevents.length >0){

157 var passth = []

158 var eventsumsig = []

159 var sumsig = 0

160

161 for(index =0;index <Xallevents.length;index ++){

162 var sumsig = 0

163 var idsignal=Xallevents[index ][0]

164 for(j=0; j<idsignal.length; j++){

165 xlogical = logicalXs[idsignal[j]]

166 sumsig += sig[xlogical]

167

168 }

169 if(sumsig > thsumsig){

170 passth.push(index)

171

172

173 }

174 }

175 if(passth.length >1){// multievent

176 xmultievent ++
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177

178 events.SetReconstructionOK(iEv , false)

179 continue

180 }

181 if(passth.length <1){// belowth events

182 blwthevent ++

183 events.SetReconstructionOK(iEv , false)

184 continue

185 }

186 if(passth.length ==1){//Event

187 var Xrealevent = Xallevents[passth [0]][0]

188 //core.print(Xrealevent)

189 var versig = 0

190 var presentsig = 0

191 var picos = 0 // contagem do numero de picos

192 var pickreference = 0

193 for(i=0;i<Xrealevent.length;i++){ // encontrar duplos picos

194 xlogical = logicalXs[Xrealevent[i]]

195 presentsig = sig[xlogical]

196

197 if(versig >presentsig ){

198 pickreference = 1

199 // firstpeak = Xpos[Xrealevent[i]]

200 }

201 if(pickreference >=1 && versig <presentsig && presentsig >100){

202 picos++

203 }

204 versig=presentsig

205 }

206

207 if(picos == 0) {findx = 1}

208

209 else{ // duplo picos

210 doublepick ++

211 events.SetReconstructionOK(iEv , false)

212 continue

213 }

214 }

215 }

216

217

218
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219

220

221 // analize y signals

222 maxsig = 0

223 for(iysig = 0; iysig <logicalYs.length; iysig ++){

224 var ylogical = logicalYs[iysig]

225 var ysig = sig[ylogical]

226 if(ysig > minsig){

227 yevent.push(iysig)

228 if(maxsig <ysig){

229 maxsig = ysig

230 ycenter = yevent.length -1

231 }

232

233 }

234

235 else if(ysig <minsig && yevent.length <2){

236 //no event

237 yevent = []

238 ycenter = 0

239 maxsig = 0

240 }

241

242 else if(ysig <minsig && yevent.length >=2){

243 // possible event

244 if(sig[logicalYs[yevent[ycenter ]]]> pickmin){

245 // event in y!

246 Yallevents.push([yevent , ycenter ])

247 yevent = []

248 ycenter = 0

249 maxsig = 0

250 }

251 else{

252 yevent = []

253 ycenter = 0

254 maxsig = 0

255 }

256 }

257

258 else if(iysig ==( logicalYs.length -1)){ //last strip

259 if(sig[logicalYs[yevent[ycenter ]]]> pickmin){

260 // event in y!
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261 Yallevents.push([yevent , ycenter ])

262 yevent = []

263 ycenter = 0

264 maxsig = 0

265

266 }

267 else{

268 yevent = []

269 ycenter = 0

270 maxsig = 0

271 }

272 }

273 }//end if y for

274

275 if(Yallevents.length ==0){

276 ynoevent ++

277 events.SetReconstructionOK(iEv , false)

278 continue

279 //core.print ("y")

280 //core.print(Yallevents)

281 }

282

283

284 if(Yallevents.length >0){

285 var passth = []

286 var eventsumsig = []

287 var sumsig = 0

288 for(index =0;index <Yallevents.length;index ++){

289 var sumsig = 0

290 var idsignal=Yallevents[index ][0]

291 for(j=0; j<idsignal.length; j++){

292 ylogical = logicalYs[idsignal[j]]

293 sumsig += sig[ylogical]

294

295 }

296 if(sumsig > thsumsig){

297 passth.push(index)

298 }

299 }

300 if(passth.length >1){// multievent

301 ymultievent ++

302

82



303 events.SetReconstructionOK(iEv , false)

304 continue

305 }

306 if(passth.length <1){// belowth events

307 blwthevent ++

308 events.SetReconstructionOK(iEv , false)

309 continue

310 }

311 if(passth.length ==1){//Event

312 var Yrealevent = Yallevents[passth [0]][0]

313 var versig = 0

314 var presentsig = 0

315 var picos = 0 // contagem do numero de picos

316 var pickreference = 0

317 var fisrtpeak = 0

318 var peakspacing = 0

319 for(i=0;i<Yrealevent.length;i++){ // encontrar duplos picos

320 ylogical = logicalYs[Yrealevent[i]]

321 presentsig = sig[ylogical]

322

323 if(versig >presentsig){

324 pickreference = 1

325 // firstpeak = Ypos[Yrealevent[i]]

326 }

327 if(pickreference ==1 && versig <presentsig){

328 picos++

329

330 }

331 versig=presentsig

332 }

333

334 if(picos == 0) {findy =1}

335

336 else{ // duplo picos

337 doublepick ++

338

339 events.SetReconstructionOK(iEv , false)

340 continue

341 }

342 }

343

344

83



Appendix B. Neutron Event Selection Script

345 }

346

347

348

349 if(findx ==1 && findy ==1){

350

351 eventcount ++

352

353 hist.Fill("Mx",Xrealevent.length ,1)

354 hist.Fill("My",Yrealevent.length ,1)

355 // r e c o n s t r u o

356

357 var Sx = 0

358 var Sy = 0

359 var X = 0

360 var Y = 0

361 var xi = 0

362 var yi = 0

363 var si = 0

364 var nx = 0

365 var ny = 0

366 for(i=0; i<Xrealevent.length;i++){

367 xi = Xpos[Xrealevent[i]]

368 xlogical = logicalXs[Xrealevent[i]]

369 si = sig[xlogical]

370 if(si >100){

371 X = X +xi*si

372 Sx = Sx + si

373 nx++

374 }

375 }

376 X = X/Sx

377 hist.Fill("SumX",Sx ,1)

378 //hist.Fill("Mx",nx ,1)

379 for(i=0; i<Yrealevent.length;i++){

380 yi = Ypos[Yrealevent[i]]

381 ylogical = logicalYs[Yrealevent[i]]

382 si = sig[ylogical]

383 if(si >100){

384 Y= Y + yi*si

385 Sy = Sy + si

386 ny++
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387 }

388 }

389 Y = Y/Sy

390 hist.Fill("SumY",Sy ,1)

391 //hist.Fill("My",ny ,1)

392 events.SetReconstructed(iEv , X, Y, 0, 0)

393 hist.Fill2D( "2DSumsignal", Sx, Sy, 1 )

394 if(Sx >Sy)gap1++

395 else gap2++

396

397 }

398

399 }

400 else{

401 events.SetReconstructionOK(iEv , false)

402 }

403 }

404

405 // D i a g n s t i c o

406

407 core.print("cathode signals: "+cathevent)

408 core.print("total events: " + eventcount)

409 core.print("No xclusters: " + xnoevent/cathevent *100 + "%")

410 core.print("No yclusters: " + ynoevent/cathevent *100 + "%")

411 core.print("multievent in x: " + xmultievent/cathevent *100 + "%")

412 core.print("multievent in y: " + ymultievent/cathevent *100 + "%")

413 core.print("clusters below th: " + blwthevent/cathevent *100 + "%")

414 core.print("double picks: " + doublepick/cathevent *100 + "%")

415 core.print("false chopper triggers: " + falsechopper/cathevent *100 + "%")

416 core.print("gap1: " + gap1)

417 core.print("gap2: " + gap2)

418 var tudo = cathevent - eventcount -xnoevent -ynoevent -xmultievent -ymultievent -

blwthevent -doublepick - falsechopper

419 core.print(tudo)

420

421

422 // G r f i c o da r e c o n s t r u o

423

424 events.SetReconstructionReady ()

425 grwin.PlotDensityXY (); grwin.AddToBasket("Dens")

426

427 //Other Utility tools
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428

429

430 /*

431 hist.SetFillColor( "2 DSumsignal", 1 )

432 hist.Draw ("2 DSumsignal ","colz")

433 grwin.AddToBasket ("2 DSumsignal ")

434 */

435 /*

436

437

438 hist.SetLineProperties ("Mx", 4, 1, 1)

439 hist.Draw("Mx","")

440 grwin.AddToBasket ("Mx Run 6")

441 hist.SetLineProperties ("My", 6, 1, 1)

442 hist.Draw("My","")

443 grwin.AddToBasket ("My Run 6")

444

445

446

447 hist.SetLineProperties ("SumX", 4, 1, 1)

448 hist.Draw("SumX ","")

449 grwin.AddToBasket ("SumX Run 6")

450 hist.SetLineProperties ("SumY", 4, 1, 1)

451 hist.Draw("SumY ","")

452 grwin.AddToBasket ("SumY Run 6")

453

454

455

456 */
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R. Hall-Wilton, C. Höglund, L. Robinson, P. Svensson, L. Naumann, K. Roemer, D. Stach,
and Th. Wilpert. Towards high-rate rpc-based thermal neutron detectors using low-
resistivity electrodes. Journal of Instrumentation, 16(07):P07009, jul 2021.

[74] A. Morozov, L.M.S. Margato, V. Solovov, A. Blanco, J. Saraiva, T. Wilpert, K. Zeitelhack,
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