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Resumo

Detetores de néutrons sdo importantes em muitas areas, como fisica, quimica, biologia e
medicina. O 3He é amplamente utilizado em detetores gasosos de néutrons, porém desde
o inicio da década de 2000 uma forte escassez no fornecimento desse gas motivou a comu-
nidade cientifica a buscar solugdes alternativas com detetores livres de *He, empregando
H3Cd, 157Gd, 9B, ou °Li como conversor de néutrons.

Uma estrutura muito promissora € o multiplicador gasoso de elétrons (GEM) combi-
nado com uma camada de boro-10 como conversora. Esta estrutura pertence a familia
dos detetores gasosos microestruturados (MPGD) que surgiram na década de 90. Essas
estruturas sdo amplamente utilizadas em sistemas de rastreamento de particulas, como
a camara de projecdo temporal (TPC) do experimento ALICE no LHC-CERN, e foram
propostas para muitas outras aplicag¢des, incluindo a dete¢ao de néutrons.

O estudo e desempenho dos detetores podem ser desenvolvidos através de simulagdes
de Monte Carlo, explorando a resposta do detetor em diversas condi¢Oes, com diferentes
configuracdes e particulas sem o custo de construcdo de um protdtipo. E comum utilizar
as ferramentas GEANT4 e Garfield++ para realizar estas simula¢des, que compreendem
a interac@o nuclear do néutron, bem como a propagacao dos produtos dessa interacao e de
elétrons frutos da ionizacao no meio gasoso, suas interagdes e a formagao da avalanche.

Os produtos da reagdo °B(n, «)"Li possuem um alto poder de ioniza¢do levando a
calculos de CPU muito demorados e tornando-os impossiveis de serem realizados, mesmo
em um cluster de computadores. A redu¢do do tempo de processamento em vdrias ordens
de grandeza € crucial para um estudo substancial e com suficiente estatistica. Portanto, um
simulador rapido foi desenvolvido neste trabalho para avaliar o desempenho de detetores
de néutrons baseados em MPGD de forma eficiente.

Este trabalho consiste no estudo do desempenho e otimizacao de detetores de néutrons
térmicos sensivel a posi¢do baseados em GEMs utilizando uma simulacio rapida desen-
volvida para este projeto. As otimizacdes se concentram em melhorar a resolucdo espa-
cial explorando as propriedades do gas utilizado, assim como sua composicao e pressao,
provocando tanto alteragdes na distancia percorrida pelos produtos da reacdo bem como
na difusao e deriva dos elétrons. Os resultados deste trabalho indicam possiveis caminhos
para a otimizacdo desses detetores além de prover uma ferramenta versatil para estudos
futuros desse tipo de detetor.

Palavras-chave: detetores de néutrons, detetores gasosos microestruturados, Gas Elec-
tron Multiplier, GEANT4, Garfield++.






Abstract

Neutron detectors are important in many areas such as physics, chemistry, biology, and
medicine. The 3He is widely used in neutron gaseous detectors however since the early
2000s a severe shortage in the supply of this gas motivated the scientific community to
search for alternative solutions with 3He — free detectors, employing *3Cd, 3"Gd, 1B,
or %Li as neutron converter.

A very promising structure is the Gas Electron Multiplier (GEM) combined with a
boron-10 converter layer. It belongs to the family of Micro-Pattern Gaseous Detectors
(MPGD) which are a type of gaseous detector with small structures that emerged in the
90s. These small structures are widely used in particle tracking systems, such as the Time
Projection Chamber of the ALICE experiment in the LHC-CERN, and are proposed for
many other applications, including neutron detection.

The study and performance of the detectors can be developed through Monte Carlo
simulations exploiting the detector response in various conditions, with different particles
and configurations without the cost of building a prototype. It is common to use the frame-
works GEANT4 and Garfield++ to accomplish these simulations, which comprehend the
nuclear interaction of neutrons as well as the propagation of the reaction products and
ionization electrons in the gas medium, its interactions, and the avalanche formation.

The reaction products from °B(n, a)"Li have a high ionizing power leading to very
time consuming CPU calculations making it impossible to perform them even in a com-
puter cluster. The reduction in processing time by several orders of magnitude is crucial
for a substantial study with enough statistics. Therefore, a parameterized fast simulator
was developed in this work to evaluate the charge distribution in a more efficient way.

This work consists in the study of the performance and optimization of thermal neu-
tron position-sensitive detectors based on GEMs using simulations. The optimizations
focus on improving the spatial resolution by exploiting the properties of the working gas,
such as its composition and its pressure, making changes in reaction products path length
and electron drift and diffusion. The results of this work indicate possible ways to opti-
mize these detectors in addition to providing a versatile tool for future studies of this type
of detector.

Keywords: neutron detectors, micropattern gaseous detectors, Gas Electron Multi-
plier, GEANT4, Garfield++.
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Introduction

The development of neutron detectors is important for different areas such as physics,
chemistry, biology, and medicine. Since the early 2000s, the scientific community are
searching for alternative solutions to neutron detectors equipped with helium-3 due to the
shortage in the supply [1, 2, 3].

Micro-Pattern Gaseous Detectors (MPGD) are a type of gaseous detector with small
structures that emerged in the 90s [4]. This new generation of detectors is employed
using modern photo-lithographic technology. A very promising structure for neutron de-
tection is the Gas Electron Multiplier (GEM) [5] which can be combined with a boron-10
converter layer and presents good spatial and energy resolution, robustness, and the pos-
sibility to operate at higher rates.

In the context of the development and optimization of particle detectors, Monte Carlo
simulations are an essential tool to study the detector response in various conditions, with
different particles and configurations without the cost of building a prototype. Each step
in the development can be modeled in order to understand the signal generated by the
detector.

A common strategy to simulate neutron detection with GEMs is based on the frame-
works: GEANT4 [6] and Garfield++ [7]. The GEANT4 is a powerful tool to simulate the
interaction of particles with matter, including the nuclear interaction of thermal neutrons.
The software Garfield++ is well suited for gaseous detectors due to its very detailed simu-
lation of electrons propagation in the gas medium, its interactions, as well as the avalanche
formation.

In the case of neutron detectors, the reaction products from °B(n, «)"Li have a high
1onizing power leading to a large number of electrons that needs to be considered in the
avalanche simulation. This also leads to very time consuming CPU calculations that are
impracticable even in a large computer cluster. Considering this fact, the reduction in
processing time by several orders of magnitude is crucial for a substantial study with
enough statistics. Thus, a fast simulation tool that uses a parameterization of the response
function describing the charge deposited at the detector’s readout plane was developed.

This work aimed to study the performance and optimization of thermal neutron position-
sensitive detectors based on GEMs through simulations using GEANT4, Garfield++, and
mainly the fast simulator. The optimizations focus on improving the spatial resolution
by exploiting the properties of the working gas, such as its composition and its pressure,
making changes in reaction products path length and the electron drift and diffusion. This
dissertation is divided in seven parts as described below.

Chapter 1: Describes the characteristics of the neutron particle. Show the underlying
concepts of the interaction of radiation with matter, focusing on neutrons and heavy

16
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charged particles. This chapter also presents the main ideas regarding neutron de-
tection methods.

Chapter 2: Discuss the processes in gaseous detectors like gas ionization, drift and diffu-
sion of electrons, and amplification. Introduces a class of detectors known as Micro-
Pattern Gaseous Detectors (MPGD) which is the “family” of the GEM structure.
Finally, presents features to characterize the performance of a position-sensitive ra-
diation detector.

Chapter 3: Introduces the simulation tools used in this project (GEANT4, Garfield++,
SRIM, Gmsh, and Elmer) and how they work in each step of the development of the
thermal neutron detection simulation. In this chapter, it is discussed the motivations
for the creation of a fast simulator for neutron detection with GEM structures.

Chapter 4: Describes in detail the parameterization strategies used to construct the fast
simulator.

Chapter S: Presents a double-GEM detector prototype developed and tested in partner-
ship with the Nuclear and Energy Research Institute (IPEN) which was partially
used to validate the simulations and the fast simulator.

Chapter 6: Perform detector optimizations aiming for the improvement in spatial resolu-
tion by changing the gas composition as well as its pressure using the fast simulator.

Chapter 7: Finally, the conclusion of this work with the considerations about the find-
ings and perspectives.



Chapter 1

Thermal Neutron Detection

After the suggestion of the existence of a neutral particle inside the nucleus by Ernest
Rutherford in the 1920s [8], several experiments were performed searching for this new
particle. In particular, an experiment conducted by Bothe and Becker in 1930 [9] discov-
ered that when alpha particles pass through beryllium, radiation that is not affected by
electromagnetic fields is produced and they assumed it was gamma radiation.

Irene Joliot-Curie and Frédéric Joliot irradiate paraffin with this radiation that comes
from the beryllium and observed that this “new” radiation is able to eject protons [10].
They interpret this process as a kind of Compton effect.

Later, in 1932, James Chadwick studied the results [11] and the interpretation pro-
posed by Irene and Frédéric using the Klein-Nishina formula. According to the Klein-
Nishina formula, the cross section for the Compton effect is inversely proportional to the
square of the mass of the recoiling particle [12]. Considering that the recoiling particle is
a proton, two problems appear:

* the number of protons observed in the experiment is two times higher than the one
predicted by the Klein-Nishina formula and

* the energy predicted by the formula is smaller than the observed one.

Then, Chadwick conclude that these problems could be solved if this radiation is the neu-
tron proposed by Rutherford. Using the experimental apparatus in Figure 1.1, Chadwick
could reproduce the experiment with paraffin and with many other light elements such
as helium, lithium, beryllium, boron, carbon, nitrogen, oxygen, and argon. For all these
elements, the “beryllium radiation” was capable to eject particles, leading Chadwick to
publish his famous paper “The existence of a neutron” in June of 1932 [11].

1.1 Neutron Characteristics

One of the building blocks of matter, composed of two down quarks and one up quark,
the neutron is an interesting particle because it is almost insensitive to electromagnetic
fields and does not feel the coulomb barrier which allows it to pass through electronic
barriers and become a tool to study the nuclei. In this section, the general characteristics
of neutrons will be presented.

18
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Figure 1.1: Experimental apparatus used by James Chadwick. Adapted from [11].

Lifetime

A free neutron is not stable and decays as n — p-+ e+, but there is a dilemma in neutron
lifetime observed by the two most precise measurements methods: “bottle“ and “beam *
method [13]. In the first one, ultracold neutrons are confined in a bottle and the number
of neutrons inside is measured at times ¢ fitting an exponential decay

N(t) = N(0)em,

where recent results achieved 7,, = (877.75 % 0.284, + 0.224, — 0.164y5)s, the highest
precision until now [14].
In the beam method, the lifetime is measured from the differential exponential decay

dN  —N
dt 1,

where % is the rate of neutron decay and /N the number of neutrons in a determined beam
volume. The last measurement by this beam method shows a lifetime of 7,, = (887.7 +
1.2 £ 1.95y5 )s [15], hence neutrons in a beam live almost 10 s additionally. Some results
from these two methods are shown in Figure 1.2. Both methods show enough lifetime for

detection purposes in this dissertation.

Mass

Chadwick’s experiment came with mass measurements. Nowadays the error in neutron
mass is limited by the uncertainty in the Avogadro’s number, where the most recent mea-
sured value is [17]:

m, = 1.0086649159(5) u = 939.565 413(6) MeV,

which is slightly heavier than a proton.

Magnetic Moment

Although approximately 1000 times smaller than the magnetic moment of an electron
and with no net charge, the neutron has a magnetic moment that was measured directly
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Figure 1.2: Neutron lifetime measurements using the bottle and beam method. Adapted
from [16].

by Alvarez and Bloch [18] at Berkeley in 1940. The most recent measured value is [17]:

[ = —1.9130427(5)

where pv 1s the physical constant of the magnetic moment called nuclear magneton (de-
fined in ST units as py = -2, where e is the elementary charge, 7 is the reduced Planck

b
2myp

constant, m,, is the proton rest mass, and c is the speed of light). In SI units, its value is

jy = 5.050783 746 1(15) J T,

1.2 Neutron Classification

The reactions that the neutron can undergo depend on its energy and therefore it is inter-
esting to classify them based on their kinetic energy. In a non-relativistic limit, the kinetic

energy F of a neutron can be described by its wavelength through the de Broglie relation

[19]:
h

mpv’

A:

(1.1)

where h is the Planck constant, v is the velocity, and m,, is the neutron’s mass. Then the
energy can be written as [19]

(1.2)

and the neutron classification by its energy regime is shown in Table 1.1.

The main topic of this dissertation is thermal neutrons, which means that they are in
thermal equilibrium with the medium, and for a temperature of 293 K, the average energy
1s 25 meV.
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Table 1.1: Neutron classification with respect to its kinetic energy, wavelength and ve-
locity. Adapted from [20].

Kinetic Energy [eV] Wavelength [A] Velocity [m/s]

Ultracold <3-1077 < 520 <75
Very Cold 3-1077-5-107° 520 —40 7.5-100
Cold 5-107°-5-1073 40-4 100 — 1000
Thermal 5-1073=5-10"" 4-04 1000 — 10000
Thermal Peak 25.3-1073 1.8 2200
Epithermal 5-1071 =-10° 0.4-0.01 102 -4.4-10°
Intermediate 103 109 0.01-0.001  4.4-10°-4.4-10°
Fast 10° -2 - 107 0.001-6-107° 4.4-10-6.2-107
High Energy >2-107 <6-107° > 6.2-107
Energy and Velocity

The neutrons in the thermal region have similar energy distribution as gas molecules, thus
the kinetic energy is related to temperature by the Maxwell-Boltzmann distribution [21]:
2m E 1
f(E) = e ME?, (1.3)
() (7kT)3

where f(FE) is the fraction of neutrons of energy F per unit energy interval; k is the
Boltzmann constant 8.6 x 107°eV /K and T the absolute temperature in Kelvin. The
behavior of this distribution is sketched in Figure 1.3 where it is shown the behavior of
two values of temperature.

f(E) ———>

Energy ——>

Figure 1.3: Maxwell-Boltzmann energy distributions for the temperatures 77 = 500 K
and T, = 400 K.

4 (E)

Setting =;z> = 0, the most probable energy is

E=FkT (1.4)
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where for room temperature (7' = 293 K) gives an energy of 25 meV, hence the velocity
of a neutron moving at the most probable energy is
2T 2x0.025eV
m,  939.6 MeV/c2

The Maxwell-Boltzmann distribution in Eq. 1.3 can be rewritten in terms of the ve-
locity as

v 2.2 x10°m/s. (1.5)

v =

3 2
B m ) _mo
flv) = <27TkBT) 4o exp( 2kBT)' (1.6)

Using this equation, the velocity distribution of molecules in different gases can be calcu-
lated as shown in Figure 1.4. As will be discussed in detail in Section 2.1.2, the velocity
of electrons in a gas affects its drift and diffusion. The drift and diffusion of electrons are
connected with the spatial resolution of the detector which this work aims to improve in
Chapter 6.

N

== Xenon

Probability Density

== Neon

w

== Argon

== Helium

L L 1
1500

2000

2500 3000
Velocity [m/s]

0 500 1000

Figure 1.4: Maxwell-Boltzmann velocity distributions for different gases with 300 K.

1.3 Particle Interaction with Matter

The detection and measurement of radiation and particles are only possible through their
interactions with matter. The processes involved in the interaction depend on the type of
the particle (e.g. photons, charged particles, neutrons, etc). The development of a radia-
tion detector is intrinsically connected to the particle interaction and the energy deposited
in the detector material. Thus, it is of extreme importance to know and understand the
radiation interactions when developing this kind of detector.

This section is an introduction to an extensive subject and here the focus is thermal
neutron detection. A comprehensive study of these interactions can be found in [22, 23,
24].



1.3. PARTICLE INTERACTION WITH MATTER 23

1.3.1 Underlying Concepts
Cross Section

The cross section is a quantity that describes the interaction of two particles in terms of a
measured probability for a reaction to occur. Assume that a flux ¢ (number of particles
per unit area per unit time) of incident particles uniformly distributed in space and time
is impinging upon a target material as shown in Figure 1.5. A fraction of these particles
will scatter in the material (the type of interaction is not important now) and suppose a
detector is able to count the average number of particles per unit time d/N, scattered per
unit solid angle' dS). The differential cross section is defined as [23]

do 1 dN,
—(E,Q) = ——= 1.7
where j—g is the average fraction of the particles scattered into df2 per unit time per unit

flux ¢. The dimensions of the flux make do have dimensions of area, leading to the
interpretation that do is the geometric cross sectional area of the target intercepting the
beam [23].

PARTICLE —>

—
FLUX
a e N
—
—
N — TARGET
5 —
— %
s
—_— A
—_— >
—

Figure 1.5: Illustration of scattering cross section. Adapted from [23].

The value defined in Eq. 1.7 varies with the energy and with the angle, therefore
integrating this over all space results in the fotal cross section as [23]

do
o(E) = /de (1.8)

Mean Free Path

The mean free path can be defined as the mean distance traveled by a particle before it
suffers a collision. This distance is related to the cross section and the material density as

The solid angle measures the fraction a sphere one has delimited with a given area on the surface of
a sphere
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[22]

1

A= —, (1.9)
PnO
where o 18 the cross section and N
AP

y = ——— 1.10
p 1 (1.10)

is the number density of the medium where A is the atomic weight of the material, N4 is
the Avogadro number, and p is the weight density.

1.3.2 Heavy Charged Particles

These heavy charged particles, like ions and alpha particles, primarily interact with matter
via coulomb interactions involving the orbital electrons. Interactions with nuclei are also
possible but not significant in the response of radiation detectors [24].

Stopping Power

This quantity is defined as the rate at which a charged particle loses energy when travers-

ing a material [22]
dE
S=—-——, 1.11
I (1.11)
where the negative sign means that the particles are losing energy when moving in a
material.
Hans Bethe, and later with the correction of Felix Bloch, proposed an expression to

the energy loss known as the Bethe-Bloch formula [22]:

_dE 4 Nar?mec?pZ g l Winaz | g e
dr AR " 2

7 (1.12)

I

where N, is the Avogadro’s number, r, is the classical electron radius, m, is the electron
mass X c?, q is the electrical charge of the ion. p, Z, A, and I are the density, atomic
number, atomic mass, and ionization potential of the medium, respectively. [, 9, and
C are correction factors. Finally, W,,, is the maximum possible energy transfer to an
electron in a single collision.

Bragg Curve

When a particle loses energy in the material, its stopping power, i.e. effectiveness of
ionization, changes. This happens because with a decrease in energy, the scattering cross
section increases causing even more ionization in their path giving rise to a pronounced
peak in the energy loss as a function of depth of penetration, called Bragg peak [22]. This
peak can be seen on a Bragg curve like shown in Figure 1.6.
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Figure 1.6: Left: Bragg peak for alpha particles having initial energy of 3 MeV moving
into Ar:CO, gas mixture. Right: alpha particle trajectories in gas. Simulated in SRIM
[25].

1.3.3 Neutrons

Neutrons carry no charge and therefore can not interact with the electric field of atoms
interacting primarily via strong nuclear force [22]. Depending on its energy, the neutron
can interact with the nuclei through scattering (elastic or inelastic), spallation, transmuta-
tion, or radiative capture. Neutron interaction classification is given in Figure 1.7 [26].

SCATTERING

ABSORPTION

ELECTRO-
MAGNETIC

ELASTIC INELASTIC CHARGED NEUTRAL FISSION

Figure 1.7: Neutron interaction classification. Adapted from [26].

Elastic Scattering

This reaction is written as
n+X)" = n+ X (1.13)
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thus the state of the nucleus is not affected and it remains the same after the reaction. This
is the principal mode of interaction of neutrons with the atomic nuclei.
Inelastic Scattering

Now, the target nucleus is left in an excited state in a process where the neutron is tem-
porarily absorbed by the nucleus creating a compound and a unstable one. In the de-
excitation, a neutron with lower energy is emitted. The reaction is written as

n+ X, —n+ X)) (1.14)

Transmutation (Charged)

Here the neutron is captured by the nucleus, producing a compound nucleus that loses
energy by emitting a charged particle and producing a nucleus of a different element, like

n+ B — a + Li. (1.15)

Radiative Capture (Electromagnetic)

This reaction is characterized by the emission of a gamma particle from a compound
nucleus which is an isotope of the same element as the original nucleus:

n+ X0 (X (1.16)
The production of radioisotopes, such as cobalt-60, are an example of this interaction:

n + Co™ — Co® + ~. (1.17)

Fission

This process occurs when a heavy nucleus captures a slow neutron and is excited. After a
while, the nucleus split into fragments resulting in neutrons and gamma-ray photons. The
fission of uranium-235 is an example of this process:

n+ U2 = 12 + Y% +2n 4 7. (1.18)

1.4 Neutron Detection Methods

As mentioned before, neutron detection techniques must involve a nuclear reaction that
results in energetic charged particles. The cross section of each interaction strongly de-
pends on the neutron energy. This dissertation is focused on slow neutrons detection
whose energy is below the cadmium cutoff of about 0.5 eV. For fast neutron interaction,
a complete discussion is presented in [24].
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1.4.1 Helium-3 Crisis

Considering gaseous detectors, helium-3 was the most chosen counting gas until the early
2000s when US homeland security install radiation detection, based on helium-3, in their
borders and international ports after the terrorist threat, increasing the demand for this gas
and causing a shortage in the supply [27] as shown in Figure 1.8. This problem led the
researchers to search for a replacement for helium-3.

200000
0
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"o 150000
f Estimated national
o helium-3
v supply remaining
3 100000 Inreased border-
3 protection use
following the
2001 attack
50000 Estimated annual Bord
disbursements of order-protect
U.S. helium-3 use restricted
N\

1990 2000 2010 2020

Figure 1.8: In orange is showed the U.S. supply of helium-3 and its decline since the
terrorist attacks of 2001. Annual releases, in blue, were reduced to extend the stockpile.
Figure from [28].

With the increasing necessity of an alternative to neutron detectors helium-3 based,
the number of papers and citations, indexed by the Web of Science, involving the words
“neutron” and “detection” (or “detector”) in their title increased abruptly as shown in
Figure 1.9. This shows an area with a still increasing demand and probably promising
landmarks.
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Figure 1.9: Number of papers and citations since 1947 with words “neutron” and “detec-
tion or detector” within title searched in Web of Science.

1.4.2 Nuclear Reactions

The selection of nuclear reactions that can result in a charged particle depends on the cross
section of these reactions to occur in the slow neutron region. Additionally to the cross
section, a quantity called Q-value of the reaction that determines the energy liberated in
the reaction following neutron capture must be considered. A higher Q-value means that
a greater amount of energy is given to the reaction products allowing good discrimination
against y-rays. Furthermore, the range of the reaction products is also an important aspect
to be considered in the detector construction. Figure 1.10 shows the cross section versus
neutron energy for the three most common materials used to generate the reactions of
interest in neutron detection: Helium-3, Boron-10, and Lithium-6 [24].
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Figure 1.10: Cross sections of 1°B, 3He, SLi with respect to neutron energy. Data from
[29].
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19B(n, a) Reaction

This reaction is probably the most useful reaction for thermal neutron detection due to its
large cross section and the 1/v energy dependence [30]. The reaction can be written as

QO-value

He + "Li :  2.792 MeV (ground state, about 6%) (1.19)

n+ B — { A . ]

He + 'Li*:  2.310 MeV (excited state, about 94%),
where there are two possible reactions. The first one represents the non-radiative channel
with a branching ratio of 6 % and Q-value = 2.792 MeV. The second one is a radiative
channel with a branching ratio of 94 % and Q-value = 2.310 MeV, where i* is an
excited state that rapidly de-excite by emitting a y-ray of 478keV. Both possibilities
have a very large Q-Value compared with the income thermal neutron energy. Also, the
reaction products must be emitted in exactly opposite directions due to the small incoming
linear momentum. By conservation of energy and momentum the individual energies of
the a-particles and lithium nucleus are:

ELi = 0.84 MeV
E, =1.47MeV

Er; =1.02MeV
ground state: { L © (1.20)

excited state:
{ E, =1.78MeV

6Li(n, a) Reaction

Neutron detection is also possible through the ®Li reaction, although with a lower cross
section. The reaction leads to the products:

n+°%Li — *H+'He: Q-value = 4.78 MeV. (1.21)

When considering a position-sensitive detector, this reaction is less preferable because of
the longer range of 3H than the products of 1°B reaction.

3He(n, p) Reaction

Widely used for neutron detection, the reaction using the Helium-3 can be written as:
n+°He — *H+p: Q-value = 0.764 MeV. (1.22)

Although it has a high cross section to thermal neutron and suitable reaction products,
there is a severe lack of *He and consequent high costs [27], as discussed in Section 1.4.1.

1.4.3 Boron Thin-Film

One way to use the boron reaction is to deposit a thin-film of boron close to the detector
sensitive part. As the interaction can occur at any point inside the film and considering
that the reaction products will lose energy as they move through the film, the thickness
of the film must be kept as thin as possible to allow the products to enter in the detection
region.
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Figure 1.11 shows the energy loss of the reaction products, considering that the aver-
age particle range in solid boron-10 is 3.6 um and 1.6 ym for a-particles and "Li, respec-
tively. Given these particle ranges, Figure 1.12 shows two different points of interaction
inside the converter foil (A and B) with the respective solid angle €2 to enter in the detec-
tor. 7, and 77, are the radii of spheres that limit the accessible region for these particles.
In (A) the interaction point is too far from the gaseous region, and both products have a
low probability of detection. On the other hand, in (B), both products have a high prob-
ability to enter the detector. A and B are extreme cases, but in between these two cases,
the detection probability is lower for Li because of the shorter range compared with the
a-particle.
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Figure 1.11: Energy loss of reaction products in 1°B. Adapted from [31].

Summary

Until now only general properties of neutrons were discussed as well as their mechanisms
of interaction with matter. The detection of thermal neutrons involves the combination of
a target material that produces measurable radiation together with a conventional radiation
detector. So far, it was presented the first part of this procedure, exploiting especially the
conversion of the thermal neutron with a nuclear reaction with boron-10. The next chapter
will present gaseous detectors to accomplish the second step in this chain for neutron
detection.
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Figure 1.12: Solid angle reaction products inside boron converter layer. Adapted from

[32].

gaseous region




Chapter 2

Gaseous Detectors

The use of gaseous detectors dates back to Rutherford and Geiger in 1908 [33]. When
radiation traverses a region that is filled with gas, it can ionize the molecules generating
electron-ion pairs that with an appropriate applied electric field results in a measurable
electrical pulse. In the following sections, a more detailed description of this kind of de-
tector will be provided focusing on the development of Micro-Pattern Gaseous Detectors
(MPGD). An introduction to the most important concepts about the characterization of
imaging systems will also be provided.

2.1 Basic Processes and Interactions in Gas

2.1.1 Gas Ionization

When a charged particle crosses a gaseous media, it can leave a track of ionization along
its path. These charges created by the incident radiation itself are known as primary
charge where the average energy needed to be created is referred to as the W-value. For
most gases of interest in radiation detectors, this value lies within 25 — 45 eV per pair (see
Table 2.1). Consider a particle that deposits some energy in the detector, AF, using the
W-value the total number N of electron-ion pairs produced can be calculated as

AFE
N=—"". 2.1
w @1
This number can also be written in terms of the stopping power dFE /dz, as
1 dE
N =——Au. 2.2
Wz @2

In a gas mixture, the number of total charge pairs can be calculated by a composition law
as

dE /dx);
ne=>_ x% (2.3)

i
where 7 is the i-th gas and z; is the fraction by volume of gas .

These electron-ion pairs are created along the path of the charged particle that tra-
verses the gas. The ionizing collisions are purely random and are characterized by the

32
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Table 2.1: Properties for some gases: ionization potentials /, (which is the minimum
energy required to remove an electron from an isolated atom), W-values, stopping pow-
ers dE'/dx, primary ionization yield n,, and total ionization yield n, of gases at standard
conditions (where ip means the number of electron-ion pairs). Table from [22]

Gas | Z Density I, w dE/dx n, n;
(10 g/ecm®) | (eV) | (eV/pair) | (keV/em) | (ip/cm) | (ip/cm)

H, 2 0.8 154 37 0.34 5.2 9.2
He | 2 1.6 24.6 41 0.32 59 7.8
N, | 14 11.7 15.5 35 1.96 10 56
O, |16 13.3 12.2 31 2.26 22 73
Ne | 10 8.4 21.6 36 1.41 12 39
Ar | 18 17.8 15.8 26 2.44 29 94
Kr | 36 349 14.0 24 4.60 22 192
Xe | 54 54.9 12.1 22 6.76 44 307
CO, | 22 18.6 13.7 33 3.01 34 91
CH; | 10 6.7 10.8 28 1.48 46 53

mean free path A\ and the ionization cross section per electron o [34]

1
T = Neoy (2.4)
where NV, is the electron density of the gas. This inverse mean free path for ionization is
called cluster density, also referred to as specific ionization.

Considering a path length L, the number of collisions % follows a Poisson distribution
with mean L/

Lk
P(k|L,\) = Ok A (2.5)

The probability of having no ionization, £ = 0, in L is

P(O|L,\) = e, (2.6)

and this equation can be used to calculate the value of A\ [34]. The mean free path \ is an
important parameter used in this work to study detector optimization aiming to improve
the spatial resolution, as will be shown in Chapter 6.

There exist another mechanism of indirect ionization in gases, called Penning Effect.
In some atoms, a deexcitation may occur through a collision with a second atom resulting
in the ionization of this second atom. This happens in certain atoms where meta-stable
states are excited and are unable to deexcite immediately to the ground state by the emis-
sion of a photon [23]. For instance, consider that an atom or molecule A* collides with a
second atom or molecule B

A+ B A+B"+e. (2.7)



2.1. BASIC PROCESSES AND INTERACTIONS IN GAS 34

2.1.2 Drift and Diffusion of Electrons in Gases

Understanding how the electron-ion pairs move in the gaseous medium is fundamental to
optimize these detectors. When an electric field is applied, the motion of electrons and
ions is characterized by drift and diffusion phenomena.

Drift

Using the classical kinetic theory of gases the drift properties of electrons in gas at tem-
perature 7' in the absence of an electric field follow a Maxwellian distribution with the
most probable value £7°, and at room temperature, k7" corresponds to 0.4 eV. In the pres-
ence of an electric field £, these electrons acquire a drift velocity [35]:

— <£> _b (2.8)

m v m

where e, m, v, and [ are, respectively, the charge, the mass, the velocity, and the mean free
path of the electron, and 7 is the average collision time. The electron energy (and then v)
is a function of the reduced field £/ P, [ is inversely proportional to the gas pressure P,
then the drift velocity is also a function of E/P [35].

When an increasing in values of £ do not modify the energy of the electrons, the 7 is
constant, thus the drift velocity increases linearly with the field as:

ek D

where £ is the Boltzmann’s constant, D is a field-dependent diffusion coefficient (gener-
ally given in cm?s™1). A series of drift velocities of electrons in many gas mixtures as a
function of the electric field is shown in Figure 2.1

Dritt velocity in Argen Methane Dritt velocity in Argon Ethylene
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Figure 2.1: Electron drift velocity in gases as a function of the electric field. From [23].
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Diffusion

Electron diffusion, i.e. the dispersion of the ionized electron position as a function of time,
can be well described by a Gaussian curve of width o,. Consider an electron drifting in
the x-axis, its position will disperse by an amount

2D
0y =], (2.10)
w

where D is the diffusion coefficient. Substituting the Eq. 2.9 into Eq. 2.10, the diffusion
width gives a thermal limit for the electron diffusion [35, 36]:

2kTx
= - 2.11
Op =1/ E (2.11)

el D
w

Rewriting Eq. 2.9 as

= kT = ¢, (2.12)

€ stands for characteristic energy which is a function of the reduced field £/P. In this
way, the diffusion width can be expressed as

26T 26, |x
. = =.,/—=1\/=, 2.13
’ V eE \/ e% V P @19

and shows a clear dependence of the diffusion width on the pressure at a given £/ P.

Electron Attachment and Recombination

A gas mixture can be composed of a polyatomic gas that degrades the performance of
a detector absorbing electrons in a wide energy range [22] through two main processes:
recombination and electron attachment.

Electron-ion pairs will recombine under the attraction of the electrical force when no
electric field is applied, emitting a photon in this process known as recombination:

XT4+e = X +ho. (2.14)

The second process is the electron attachment which free electrons are captured by an
atom with a high electronegativity:

e +X =X +hv (2.15)
Hence, the detection efficiency is severely diminished when electronegative gases are

present in the detector [23].

2.1.3 Amplification

When the primary electrons gain sufficient energy accelerating through the electric field,
they can also ionize gas molecules resulting in secondary electrons. This process can con-
tinue to produce tertiary ionization and so on, resulting in the formation of an avalanche.
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In Figure 2.2 it is shown a schematic view of the avalanche formation. When ionizing
radiation passes through a gaseous media, the ionized charges form a liquid droplet shape
due to the fact that electrons (orange) are faster than ions (blue).

+t4++ 4+  lonizing
+ -I—_|‘_|‘ +_|_—|—+ Radiation

Figure 2.2: Avalanche droplet shape. Adapted from [22].

The number of electrons created by n primary electrons in this path dz will be
dn = nadx (2.16)

where o = 1/ is the first Townsend coefficient (X is the mean free path). The number of
final electrons is obtained by integrating the Eq. 2.16:

n = ngexp (ax) (2.17)

where the ratio 7+ is a multiplication factor called gas gain, one important parameter for
development of proportional counters.

2.1.4 Regions of Operation

Detectors with gaseous media have different regions of operation based on the applied
field. These regions are recombination, ion chamber, proportional, region of limited pro-
portionality, Geiger-Miiller, and discharge [22]; all shown in Figure 2.3.

The first region is the recombination region where the ionization tends to form neu-
tral molecules due to the low voltage applied and this recombination decreases as the
voltage increases.
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The second region, called ion chamber region, is characterized by the feature that all
electron-ion pairs produced are collected. The increase in the bias voltage does not affect
the measured current.

In the next region if the voltage is increased the current increases too, due to a strong
electric field that can accelerate electrons to energies where they can ionize the gas molecules
themselves, called secondary ionization. These secondary electrons can also be acceler-
ated and produce further ionization, in a process named multiplication (or amplification),
which will be explained in Sec. 2.1.3. In this region, the signal output is proportional to
the applied voltage, hence this region is known as proportional region.

Right after the proportional region is the limited proportionality region, where the
multiplication is large enough making that the electric field is distorted near the anode
due to a space charge resulting in a loss of proportionality.

In Geiger-Mueller region, the energy of the particle is not important because the elec-
tric field there has high values generating various avalanches that result in a large number
of charge pairs giving a saturated current, with the same pulse height independently of the
primary particle energy. Geiger-Muller is an excellent counter although it can not distin-
guish between two different energies.

The last region is known as continuous discharge making the detector insensitive to
any radiation, thus this region is avoided in gaseous detectors.

A Limited Continuous
Proportionality Discharge

. Proportional |

Geiger
Mueller

lon Chamber

Recombination |

Pulse Height

A -
>

Bias Voltage

Figure 2.3: Regions of operation in gaseous detectors showing the charged collected
versus the applied field. Adapted from [22].

2.2 Micro-Pattern Gaseous Detectors

Micro-Pattern Gaseous Detectors (MPGD) is a type of gaseous detector with small struc-
tures that emerged in the 90s. This new generation of detectors was employed using
modern photo-lithographic technology.
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2.2.1 Micro-Strip Gas Counter

The device micro-strip gas counter (MSGC) is considered the first MPGD proposed by
Oed in 1988 [37]. This structure consists of alternated cathode and anode strips, with a
typical pitch of 200 —400 um deposited on a dielectric substrate by a lithographic method.
The thickness of the anode strips is kept small to ensure that the electric field is high. In
Figure 2.4 it is shown a close view of the alternating anode with 10 um wide and strips at
200 pm pitch.

e

CATHODE

SUBSTRATE

BACK-PLANE

Figure 2.4: Left: MSGC plate with alternating anodes and cathode strips. Right: Electric
field in the strips. Figures from [38].

2.2.2 Micromegas

In 1996 it was proposed a new type of high-granularity position-sensitive gaseous detec-
tor, called Micromegas [39]. It is a thin parallel-plate avalanche counter! consisting of a
drift region and a narrow amplification gap (25 — 150 um). A thin metal grid (micromesh)
splits the gas volume in two regions, the amplification gap and the drift gap [40, 17]. In
the drift region, electrons drift in a moderate electric field, however, in the avalanche re-
gion the electric field is much higher. A schematic drawing is shown in Figure 2.5.

IThe parallel plate avalanche counter consists of two parallel plate electrodes separated by a small
gap. It is filled with a proportional gas to induce an avalanche from the electrons and ions left by a particle
that traverses the gap [24].
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Figure 2.5: Micromegas sketch. Adapted from [17].

2.2.3 Gas Electron Multiplier

This detection structure was created by Fabio Sauli in 1997 [41] and has been used in
many particle physics experiments, such as ALICE [42], CMS [43] and COMPASS [44].

The geometry of a ‘standard GEM’ manufactured at CERN has a set of holes arranged
in a triangular pattern with 140 um pitch and holes with 70 um diameter, etched on 50 pm
copper-clad Kapton'", as can be seen in Figure 2.6a. The hole has a characteristic double
conical shape with an inner diameter of 50 pm, shown in Figure 2.6b. The first GEM
electrodes manufactured at CERN had an active area of 25 x 25 mm? on a 50 um thick,
copper-coated polymer foil [45].

(a) Standard GEM foil seen through an elec- (b) Cross section through a GEM hole. Image
tron microscope. Adapted from [46]. from [46].

Figure 2.6: GEM foil structure.
Applying a high voltage between the copper layers an intense electric field is cre-

ated inside the holes that act as an independent proportional counter. Due to the high
electric field when electrons enter a hole it can be multiplied generating an avalanche
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phenomenon. Thus, the GEM foil acts as a charge preamplifier, multiplying the electrons
and transferring them to the lower region [38], as in Figure 2.7.
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Figure 2.7: GEM amplification cell with typical dimensions. The electric field near
GEM holes is represented in solid red lines and equipotentials in dashed blue lines.
Adapted from [17] and [47].

This structure allows the transmission of charge, with the possibility to cascade several
GEMs in a manner to obtain an even higher gain. With triple-GEM is possible to obtain
gains of 10° depending on the gas mixture [48].

Figure 2.8 shows the main aspects of a generic triple-GEM detector. The cathode
can be used as a neutron converter, for instance, a thin boron film could be coated on
the cathode [49]. The detector geometry can be divided into 3 regions: drift, transfer,
and induction. The drift region is where the primary ionization occurs. The electrons
released in this region drift to the GEM holes where occurs charge multiplication. These
secondary electrons are then transferred to the next GEM foil in the transfer region. In
the last transfer, the secondary electrons enter the induction region and then are collected
at the readout board. The readout stage permits spatial resolution approaching a few
micrometers [24].

The gain in a GEM detector can be given in terms of an effective gain, which is
defined as the ratio between the amount of charge recorded on the readout electrode and
the number of primary charges [50]. The effective gain is always lower than the real gain
because some electrons are lost on the bottom GEM electrode [45, 47].

Several aspects determine the gain of the GEM structure, for instance: the hole diam-
eter, the gas composition as well as its pressure and temperature. Investigations of many
geometries conclude that the gain is higher when an aspect ratio of the hole diameter over
foil thickness is close to unity [47], as shown in Figure 2.9.
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Figure 2.8: Sketch of a Triple-GEM detector. Adapted from [45].
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Figure 2.9: Real and effective gain of GEM foils as a function of diameter. Image from
[47].

In Figure 2.10 the effects on the gain are shown when changing the gas mixture. In
this particular case, the concentration of Ar-CO, mixture is changed in order to optimize
the gain.
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Figure 2.10: Effective gain of a single GEM foil as a function of voltage for different
gas mixtures. Adapted from [45].

2.3 Characterizing a Position-Sensitive Detector

Several features characterize the performance of a position-sensitive radiation detector.
The device’s capability to measure radiation and the position where it interacted with the
detector are key elements that must be evaluated in order to decide its possible applica-
tions. In the next sections, these features will be presented and discussed.

2.3.1 Spatial Resolution

The spatial resolution is a parameter that measures how good the system is to distinguish
two closely spaced measurements in space [22]. The clarity of information in an image
is a measurement of how well the image reveals the fine structure of the object [51]. The
position resolution is closely related to the width of the different spread functions, which
will be discussed here.

Suppose a point-like object whose image is recorded by a detector. Due to the limita-
tions in the detection, this object will be recorded as a round shape with high intensity in
the middle that decreases moving away from the center. With respect to any coordinate,
the plot of this intensity will be represented by a Gaussian-like distribution. This distri-
bution is the Point Spread Function (PSF).

Now, suppose that two of these point-like objects are moving close to each other. The
detector is able to distinguish these objects when the distance between them is equal to
or larger than one full width at half maximum (FWHM). Figure 2.11 shows the minimum
distance where the detector is able to distinguish two of these points.
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Figure 2.11: PSF of two points that are one FWHM distance apart. Adapted from [22].

As the spatial resolution is dependent on the value of the FWHM and the PSF is
characterized by a Gaussian distribution, it is important to understand how to extract this
information from a Gaussian distribution:

_ _ 2
flx) = \/% exp {%1 , (2.18)

where o is the standard deviation and xg is the center of the function. The FWHM is
defined as

FWHM = 20+/21n (2), 2.19)
FWHM = 2.3550. '

This simple theoretical way to describe the spatial resolution is experimentally impractical
because an infinitesimal point-like object is not possible to create. However, a point-like
can be obtained approximately through a small hole or using derived functions, such as
Line Spread Function or Edge Spread Function.

The Line Spread Function (LSF) is connected to the PSF via integration over one
dimension .

LSF(z) = / PSF(x, y)dy. (2.20)

The line consists of a large number of closely spaced points, given a profile of FWHMs.
This method is also difficult to determine experimentally because it is difficult to create
an ideal line object, as represented in Figure 2.12.
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Figure 2.12: LSF can be considered a large number of closely spaced points in a line.
Adapted from [22]

The Edge Spread Function (ESF) is a convenient way to determine the system resolu-
tion since LSF does not offer a practical way to determine the resolution. Any rectangular
object can be used to apply this method since it offers an ideal step function, as repre-

sented in Figure 2.13. Integrating the LSF one can obtain the ESF [22]:
ESF(z) = / LSF(x')dx'. (2.21)
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e

Figure 2.13: ESF obtained from a rectangular object. Adapted from [22].

The FWHM can be extracted using the erf function (also known as error function)
which is used to fit the ESF:

erf(p) 2 / et (2.22)
p)=——=1] ¢ .
VT Jo
where p(x) is connected with the parameters of the PSF and defined as
r—H
T) = —0r, 2.23
pr)=—-7% (2.23)

such that the resolution is given as in the PSF case in Eq. 2.19.
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Summary

This chapter presented basic processes in gaseous detectors such as gas ionization, the
drift and diffusion of electrons in this media as well as charge amplification. It introduced
some of the Micro-Pattern Gaseous Detectors with a focus on a special structure called
GEM that is important for this work. In the following chapters, a detailed simulation
of this kind of detector aiming to optimize a thermal neutron detection system will be
exploited.



Chapter 3

Simulation Tools

In the context of the development and optimization of particle detectors, Monte Carlo
simulation is an essential tool to study the detector response in various conditions, with
different particles and configurations without the cost of building a prototype. Each step
in the development can be modeled in order to understand the signal generated by the
detector.

This work aims to simulate a thermal neutron detection system that converts these
particles into charged ones that can be measured in a gaseous detector, specifically the
GEM-based detector. Therefore, the sequence of the simulation work is:

1. Generation and transport of neutrons inside the detector;

2. Simulation of the nuclear interaction between a neutron and a converter layer. In
this dissertation, the converter layer is the boron-10;

3. Transport of the reaction products inside the converter layer;
4. Transport of the reaction products inside the gaseous media giving rise to ionization;

5. Drift of electrons and ions released in the ionization towards the anode and cathode,
respectively, and

6. Charge distribution at the readout plane.

3.1 Primary Particle and Non-Gaseous Interactions

Steps 1, 2, and 3 can be understood as the primary particle generation (thermal neutrons)
and its interactions with non-gaseous detector material. A well-established tool for this
purpose is the GEANT4 [6], which is an acronym for “GEometry ANd Tracking”, used to
simulate the passage of particles through matter using Monte Carlo methods. GEANT4
is an object-oriented library programmed in C++, developed and maintained by CERN.
Its areas of application include high energy, nuclear, and accelerator physics, as well as
studies in medical and space science [6].

The GEANT4 has several features that aim to guarantee a good simulation of most
diverse physical phenomena providing a range of facilities to the user such as the manip-
ulation of geometry, tracking, detector response, run management, visualization, and user
interface.
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3.1.1 Geometry Definition

First of all, it is necessary to create a geometry where the particles will be transported. It
starts in GEANT4 with the definition of a solid volume, defining the shape of the volume.
By means of Boolean operations, 22 types of shapes (i.e. box, sphere, cylinder, etc) can
model complex geometries.

Materials of any type can be chosen from a list or they can be user-specified, including
isotopes, molecules, and compounds to be assigned to a given solid volume that is called
logic volume in GEANT4.

The last step in the construction of a geometry is the positioning of this solid in the
simulation world, defining a physical volume.

3.1.2 Physics Processes

The physics processes describe how particles interact with a material. In GEANT4, there
are seven major categories of processes [52]:

1. electromagnetic,

2. hadronic,

3. decay,

4. photolepton-hadron,
5. optical,

6. parameterization, and
7. transportation.

There are a set of models to simulate the physics process and the choice depends on the
user’s needs. For instance, there are two packages for electromagnetic interactions of
charged particles and photons with matter: “Standard EM” and “Low Energy EM”. The
choice between them depends on the energy of the secondaries. In the “Standard EM”
only secondaries with energy above 1 keV are prioritized. When the secondary energy is
below 1 keV other effects are important such as atomic relaxation and shell effects, which
are provided by the “Low Energy EM” package.

In this work, the physics model QGSP_BERT_HP has been chosen since it is recom-
mended by the GEANT4-collaboration for most low energy applications including the
transport of low energy neutrons down to thermal energies [53]. The QGS stands for
quark-gluon string, which describes the interaction which uses the quark-gluon string
model [54] for high energies. P means that a precompound model handles the nuclear
de-excitation when a high energy interaction creates an excited nucleus. BERT stands
for Bertini intra-nuclear cascade model [55, 56] for hadrons with energy below 10 GeV.
And HP is an indication of a high precision model in neutron transport. This high pre-
cision model uses a highly accurate cross section for reactions like elastic and inelastic
scattering, capture, and fission for neutrons with energy below 20 MeV down to thermal
energies, and his data come from many releases of evaluated nuclear data files (ENDF).
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The ENDF system was developed for the storage and retrieval of evaluated (i.e. rec-
ommended) nuclear data to be used for applications of nuclear technology [57]. The data
stored are essentially nuclear reaction cross section together with the distribution in en-
ergy and angle of the secondary reaction products [52]. Among many maintained data
bases, some was converted to GEANT4 format (e.g. ENDF/B-VII.1, JEFF-3.3, JENDL-
4.0, etc) [58, 59, 60].

3.1.3 Primary Particle

After the definition of geometry and all physical processes that will define the particle be-
havior, it is necessary to define a source of primary particles. For each event in GEANT4,
a primary particle is defined with its position, direction, and energy. This work used neu-
trons with thermal energy of 41.8 meV.

3.2 Gaseous Interaction

Concerning steps 4, 5, and 6, a powerful tool capable to accomplish the requisites is the
Garfield++, object-oriented libraries used for a detailed simulation of particle detectors
based on ionization measurements in gases and semiconductors [7].

3.2.1 Geometry and Fields

The geometry as well as the electrostatic field configurations are provided to Garfield++
via two other software packages: Gmsh [61] and Elmer [62].

Gmsh is a three-dimensional finite element mesh generator with a built-in CAD engine
and post-processor, modeling a 3D geometry of the detector creating a finite-element field
map. Basically, the Gmsh tool splits the geometry into small elements where it is possible
to apply the finite element method to calculate the electric fields. Figure 3.1 shows a
sample of the detector cell by the finite element method.
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Figure 3.1: Sample of the detector cell represented by the finite element method.
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Elmer is a finite element method solver for multi-physics problems like fluid dynam-
ics, structural mechanics, electromagnetics, heat transfer and acoustics. After the geom-
etry creation in Gmsh, Elmer solves the differential equations respecting the boundary
conditions and the materials assigned by the user in the simulation.

The application of the finite element methods to problems with boundary conditions
results in a set of linear equations as:

(K] - {u} = {F}, 3.1)

where [K|, {u}, and {F'} are, respectively, the matrix representing the properties of the
problem, the unknown value, and the forces. In this work, [K], {u}, are the electrical
permittivity, and the electrical potential, respectively [63]. In case the [K] matrix has an
inverse, the solution for the problem is

{u} = [K]7H{F}. (3.2)
Thus, in an electrostatic problem, the Laplace equation must be solved:

82
P,

0?¢ N o
02 Oy 022

V3¢ =0. (3.3)

And the electric field can be obtained in the whole space by:

E=-V¢. (3.4)

3.2.2 Microscopic tracking for electrons

The first-order equation of motion:
r =v, (E(r),B(r)) (3.5)

is solved by means o Runge-Kutta integration in Garfield++. This method is suited for
tracking electrons over large distances (e. g. TPC) or where the transverse diffusion
does not have a significant impact on the signal (e. g. drift tubes). The drawback is that
stochastic variations of drift paths are not taken into account.

On a microscopic level (characteristic dimensions of the electron mean free path, on
the second-order equation of motion), Garfield++ employs the transport of electrons based
on the algorithm used in Magboltz [64] for an accurate simulation of the trajectories.
Magboltz solves the Boltzmann transport equations for electrons in gases with an applied
electromagnetic field using semi-classical Monte Carlo simulation[65, 66].

In Figure 3.2 are shown electron trajectories calculated using microscopic tracking
from Garfield++. This figure shows the positions of every 10" electron collision in a
GEM.
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drift gap

transfer gap

Figure 3.2: Microscopic tracking of electron trajectories in a GEM. From [64].

3.2.3 Ionization Pattern

The simulation of the ionization pattern generated by low energy ions is produced in
Garfield++ through an interface with SRIM [25]. The toolkit SRIM is a program for
simulating the energy loss of ions in matter producing tables of stopping power, range,
and straggling parameters.

The tables generated with the SRIM are imported in Garfield++ through the class
TrackSrim. This class generates tracks that reproduce the average quantities obtained
by SRIM. The track is initiated with the energy set by the user and iteratively [7]:

» computes the energy loss per unit length at the current energy,

* determines the length of the step where the particle will produce a certain number
of electrons,

 updates the trajectory given the particle energy,
» randomizes actual electromagnetic energy loss over the step and updates the energy.

As long as the particle has any energy left the above steps are repeated.

3.3 CPU-Time consuming in gaseous detector simulation

As already mentioned, the software Garfield++ is well suited for gaseous simulations due
to its very detailed simulation of electrons propagation in the gas medium, its interactions,
as well as the avalanche formation. However, all this has a cost on CPU processing
time. In Figure 3.3 is shown the electronic avalanche calculated in Garfield++. All these
lines are under microscopic tracking which makes the process very slow and all these
interactions demand a lot of computational time making it a barrier to use this tool.
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In the literature, it is found some parameterizations and manners to speed up the sim-
ulations in Garfield++ (through parameterizations or parallelism) as in [67, 68, 69]. In
[67] it is mentioned that in the high energy simulation of a triple-GEM the CPU time can
spend 20 hours per event, while in [68] the time needed to one single track on a standard
distributed computing farm can spend around one day.
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Figure 3.3: Electronic avalanche calculated in Garfield++. The orange lines are the elec-
tron drift path and the red lines ion drift path. Figure from [70].

In the case of neutron detectors, the reaction products from °B(n, «)"Li has a high
ionizing power leading to a large number of electrons that needs to be considered in the
avalanche calculations. This also leads to very time consuming CPU calculations and
becomes impossible even in a cluster of computers to do these simulations. Considering
this fact, the reduction in processing time by several orders of magnitude is crucial for a
substantial study with enough statistics.

3.4 Summary

This chapter described the simulation tools and the steps used in this work to build a
simulation concerning neutron detection with gaseous detectors. The time consuming of
these tools is a problem that needs to be solved. In this context, an optimized simulation
tool is required, which leads to the next chapter with the development of a parameterized
simulation tool that combines GEANT4 and Garfield++.



Chapter 4

Fast Simulator

A complete simulation of a gaseous neutron detector using the 1°B(n, o)"Li reaction is
very time consuming due to the high ionizing power of these products. The high number
of electron trajectories that need to be simulated makes it impossible to properly evaluate
the detector response. Thus, in this chapter, a fast simulator developed in this work will
be presented aiming for a more efficient way to simulate this kind of detector that uses a
parameterization of the charge deposited at the detector’s readout plane. Figure 4.1 shows
a schematic view of the simulation chain of the fast simulator.

Table generated
in the full
simulation with
Garfield++

Charge
GEANTA4: Neutron Garfield++/SRIM: 1 distribution at the
interaction with the lonization caused by > readout
converter layer the reaction productsJ generated by the
interpolation

Figure 4.1: Simplified simulation chain of the fast simulator.

The simulation chain consists of a series of full simulations developed in Garfield++
with the tracking and subsequent avalanche of electrons starting in eight different points
inside the drift region, this step is shown in the green box in Figure 4.1. These points were
chosen in order to cover a range of possibilities in the charge distribution at the readout
plane. The tracking continues until the secondary electrons reach the readout plane. In the
readout plane their positions are saved, building a charge distribution to a given starting
point in the drift region. For all these eight full simulations, parameters from a double
Gaussian fit to the charge distribution in the readout plane are obtained and saved into a
table that will be used in a future step.

The orange box in Figure 4.1 represents the development of the nuclear interaction
of the thermal neutron with the converter layer in GEANT4. From this interaction, the
position and momentum of the reaction products are saved when they cross the boundary
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between the converter layer and the gaseous media towards the readout plane (i.e. only
particles with a real possibility to trigger the detector and give rise to a measurable signal).
At this stage, the saved data is used as input in Garfield++.

Then, the ionization pattern is generated through an interface with the code SRIM,
which needs to be previously used to generate ionization tables, shown in the purple box
in Figure 4.1. At this point, it is inserted into the fast simulator the lookup table created
previously from the full simulations in Garfield++ (green box).

Finally, the charge distribution at the readout plane due to the electrons is given by
the interpolation of the parameters from the lookup table depending on its position inside
the drift region, shown in the blue box in Figure 4.1. All these steps will be described in
detail in the following sections, and a complete flowchart of the simulation is shown in
Figure 4.2.
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Full Simulation
in Garfield++

Define a unitary basic cell that can
reproduce the entire GEM stack through
translations and rotations.
Launch primary electrons in
8 different points of this cell.
Simulate the complete avalanche of
each launched electron.

Do secondary electrons
reach the read out
plane?

Discard.

Save the position of each electron
that reaches the readout plane,
building the charge distribution

Feed the generated by the launched

Fast Simulator electrons from each of the

8 points in the unitary cell.

Y

Fit a double Gaussian to the charge
distribution generated by the
launched electrons from each

of the 8 points of the unitary basic cell.
Save the function parameters in a table
to be used by the Fast Simulator.

Figure 4.2: Fast simulator diagram flow.
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4.1 Full Simulation in Garfield++

The fast simulator needs a first step in which a series of full simulations is crucial to
generate a table containing the parameters that will be used to evaluate the final charge
distribution at the readout plane.

As the GEM foil has a symmetry, as shown in Figure 4.3a, it is possible to define an
area, named here as unitary basic cell as represented in Figure 4.3b.

Unitary
Basic Cell

(a) GEM symmetry, adapted from (b) Unitary basic cell.
[71].

Figure 4.3: Parameterization strategies.

Figure 4.4 represents the necessary rotations and translations to build the entire GEM
plane using this unitary basic cell. The letter R inside each cell is an illustration of the
rotations and translations applied in each one. The rotations of the cell represented by the
color red can compose entire GEM holes (cells indicated by the color blue, yellow and
green) and these four cells can be translated along the GEM plane in order to build the
entire foil.
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Figure 4.4: Strategy applied to obtain the entire map of the GEM foil.

The size of the unitary basic cell is defined by the pitch of the GEM foil. Considering
the x-y axis as in Figure 4.4, the limits of the unitary basic cell is:

itch
0<xr < pite and
0<y< me\/j

All the fast simulator parameterization is based on the unitary basic cell, therefore an
electron that is outside the limits of this cell needs to be virtually taken to the unitary basic
cell to obtain the corresponding charge distribution and transported back to the original
position taking the information of its charge distribution. In order to accomplish this, a
global and local coordinate system was defined such that the global coordinate system is
denoted by xy and represents the position of the electron at any point in the detector. The
local coordinate system is denoted by 'y’ and represents the position of the electron in
the unitary basic cell. The relation between zy and z'y’ coordinate systems are:

itch | 2||z| e | 2Ll | :
, || — %{ﬁJ if LﬁJ is even
L @.1)
~faf + (|2 1) i | 2] s odd
ly| — pitczn/§ '{pﬁ'}?%J if L‘:&'}f\'}ﬂ is even
= 4.2)

|+ %.Q?LWUJ + 1) if fL'yl']JJ is odd

pitch
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The relation between the global and local coordinate for a GEM with a pitch of 140 pm is
shown in Figure 4.5.
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Figure 4.5: Global and local coordinate for a GEM with a pitch of 140 pm. The blue and
red lines represent the x-axis and y-axis, respectively.

A series of full simulations of electron trajectory is performed with 8 different initial
points in the drift region. These points were selected to be key points within a unitary
cell that allow a complete representation of any charge distribution since they reproduce
the different conditions expected in this region of the detector. The starting points for the
full simulation are shown in Figure 4.6 as four red circles and four green circles. The red
ones belong to plane z,, which is close to the cathode at the beginning of the drift path.
The green ones belong to plane z;, which is close to the GEM foil. Given that the electric
field is different in those two planes of the z-axis, the box formed by the eight points tries
to cover a range of possibilities in the charge distribution at the readout plane. Figure 4.7
shows an example of the full simulation of one electron propagating through the detector
starting at the higher point in the drift region (0.1 cm) and drifting towards the two GEM
foils and reaching the readout at —0.2 cm.
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Figure 4.6: Sketch of the position of the eight starting points for a full simulation.
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Figure 4.7: Avalanche produced by one electron.

The position in x-y is recorded for each electron that arrives at the readout plane, while
those electrons that are stopped in the middle of the geometry are discarded. This results
in the charge distribution at the readout plane for the full simulation can be parameterized
using a double-Gaussian, as represented in Figure 4.8. When the charge is sharing two
holes, i.e. many electrons are passing “equally” through two holes, the shape of the charge
distribution cannot be a “perfect” Gaussian, but a Gaussian-like. Therefore, two Gaussian
can better represent the charge distribution.
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Figure 4.8: Charge distribution fitted by a double-Gaussian to one starting point from
the drift region.

The goal with the full simulation in Garfield++ is to elaborate a lookup table where the
parameters of the double-Gaussian fit are stored. The lookup table has the values of the
fit for 8 points in the drift region, the points shown in red and green in Figure 4.6. Then,
this lookup table is used to feed the fast simulator at a given point in order to interpolate
the values of the parameters in that particular point.

4.2 Fast Simulator

The fast simulator is composed of isolated parts as sketched in Figure 4.1: the neutron
interaction with the converter layer (orange in the sketch), the ionization caused by the
reaction products (purple in the sketch), and the charge distribution at the readout (blue
in the sketch) generated by the interpolation of the parameters stored in the lookup table
(green in the sketch). The first step to accomplish an entire simulation in the fast sim-
ulator is the creation of a converter layer geometry in the GEANT4. Thus, the primary
particles (thermal neutrons in this work) must be initialized followed by the simulation of
the reaction of the neutrons with the converter layer material.

The reaction products created in the nuclear reaction are transported inside the con-
verter layer until they reach the boundary with the gas medium (detection medium). When
this condition has been achieved, the position and the momentum of the reaction products
are saved together with the nature of the particle (a-particle or “Li) and the simulation
process is interrupted because the drift of these particles continues in Garfield++.

In this step, the positions and momentum saved in GEANT#4 are inserted as input, and
the ionization pattern in the drift region is simulated using Garfield++ with its interface
to SRIM [25]. The reaction products start in the boundary between the converter layer
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and the gaseous media, but now the particles continue to travel inside the gas leading to
ionization.

This interface between Garfield++ and SRIM requires a file previously created using
SRIM with the following parameters [7]:

* alist of kinetic energies at which losses and straggling have been computed;

* average energy lost per unit distance due to electromagnetic and nuclear interaction;
* projected path length;

* longitudinal and transverse straggling.

In Garfield++ the energy loss in a single ionizing collision of the primary charged
particle and the secondary electrons produced in this process are called a “cluster” [7].
Thus, the position of these clusters and the number of secondary electrons in each cluster
are recorded. The result of this step is represented in Figure 4.9, where it is shown the
clusters of electrons inside the drift region as a function of position, where each point has
a certain number of electrons.
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Figure 4.9: Ionization pattern due to an alpha particle in the drift region. The color indi-
cates the number of electrons. The drift region has 2.0 mm, and the labels A, B, and C
represent the ionizations in z-X, z-y, and x-y-z, respectively.

The ionization pattern generated by SRIM is only allowed in the drift region because
just a fraction of reaction products pass through the GEM foil and reach the transfer region
and even less frequently the induction zone. The number of primary electrons released in
the detector in these regions is shown in Figure 4.10.
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Figure 4.10: Primary electrons released in the detector by the reaction products with
respect to z-axis. GEM foils in 0 mm and —1.0 mm.

Given the position of the electron cluster in the drift region, the corresponding charge
distribution generated at the readout is given by the interpolation of the parameters of the
function that represents the charge distribution at the readout in the neighboring positions.
These parameters were stored in the lookup table described before.

In this work, linear interpolation was used. It is a mathematical method of curve fitting
using linear polynomials. As illustrated in Figure 4.11, consider that the unidimensional
function f(z) is known in z and z;. Given a value z in the interval (zo,x;), the corre-
spondent f(z) is

f@)—yo _ y1—wo 43)

T — T T, — T

then,
1 — T Xr — X
f(@) = yo———+u 0 (4.4)

1 — X Il—l'().
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Figure 4.11: Linear interpolation illustration.

An interpolation can also be applied in two and three dimensions, called bilinear and
trilinear, respectively, and the last one is used in the fast simulator to obtain the charge
collected at the readout.

The trilinear interpolation estimates the value of a function in a point (z, y, z) by just
repeating the linear interpolation (four times) between eight vertices of the cube, reducing
it to a plane, then to a line, and finally to a point, as sketched in Figure 4.12.

The 6 values of the parameters of the double Gaussian that represents the charge
distribution at the readout plane due to a cluster of electrons in point P of Figure 4.12
can be found through the trilinear interpolation of the known values of these parameters
in the 8 points obtained through the full simulation. Let x4, y4, and z4 be:

T — T Y—Y 2= 20

; Ya = s Zd = )
1 — o Y1 — Yo Z1 — 20

(4.5)

g —

where the index 0 and 1 represents the lower and upper point in each axis.

Gi(z,y,z), where i = 1,...,6, in Figure 4.12a corresponds to the 6 values of the
parameters of the double Gaussian that represents the charge distribution at the readout
due to a cluster of electrons that starts drifting from the position (x,y, z). The position
(z,y, 2) is labeled by 0 or 1 when representing the vertices position of the unitary cell
as shown in Figure 4.12. For instance, G(0,0,0) corresponds to the 6 values of the pa-
rameters of the double Gaussian that represent the charge distribution due to a cluster
of secondary electrons coming from point (0,0,0). The values of the function parame-
ters at each vertex (G;(0,0,0), G;(1,0,0), G;(0,0,1), G;(1,0, 1), G;(0,1,0), G;(1, 1,0),
G(0,1,1) and G;(1,1,1)) are known from the Garfield++ full simulation. The param-
eters of the charge distributions at the red points indicated in Figure 4.12b are obtained
through the interpolation in the x-axis:

G4(0,0) = Gi(0,0,0)(1 — z4) + Gi(1,0,0)z4
G:(0,1) = G;(0,0,1)(1 — z4) + G4(1,0,1)z4
Gi(1,0) = G4(0,1,0)(1 — z4) + G4(1,1,0)z4
Gi(1,1) = G4(0,1,1)(1 — z4) + G4(1,1,1)z4

Now using the red points to interpolate in the y-axis, the situation pictured in Figure 4.12¢



4.2. FAST SIMULATOR 64

G,(0,1,1) G(1,1,1) G(1,1)

2
,-” G(0,1,0) G,(1,1,0)
%

G(0,0,0) G(1,0,0) G(0,0)

.

(a) Unknown interpolation point P with eight  (b) Four points obtained after the first interpo-
corner points. lation through the x-axis.

G(1,1)
G(1) G(1)

G(0,1)

Q Q

G,(1,0)

© I

. G0) ;

G,(0,0) :

(c) Two points obtained after the interpolation (d) Interpolation point P obtained with the re-
through the y-axis. maining z-axis.

Figure 4.12: Trilinear interpolation strategy.
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is obtained:

Gi(0) = G4(0,0)(1 — yq) + Gi(1,0)y4

Finally, the interpolation in z-axis gives the values of the parameters of the function to an
arbitrary point inside this cube. In this case, the point labeled as P shown in Figure 4.12d:

Gy(P) = Gi(0)(1 — 23) + Gi(1)za.

This process of collapsing the dimensions one at a time to a point is equivalent to scal-
ing the contribution of each vertex by the volume of the parallelepiped formed between
the query point and the vertex diametrically opposed to the vertex in question [72].

4.3 Summary

This chapter described the fast simulator that uses a parameterization of the charge dis-
tribution at the readout. The use of GEANT4 and Garfield++ to develop this tool will be
validated in the next chapter. It will also present the results and validation of the fast sim-
ulator using experimental data from a position-sensitive double-GEM detector prototype.



Chapter 5

Simulation Results and Validation

This chapter will present results to validate the implementation of the tools presented
in Chapter 3, which is essential to validate the fast simulator developed in this work
and presented in Chapter 4. In order to show the validation and application of the fast
simulator, experimental results from reference [73] will be used. This reference presents
the performance of a position-sensitive gaseous neutron detector prototype made of GEMs
[73].

5.1 Garfield++ Validation with Fe-55

In order to validate the implementation of the Garfield++ toolkit in this work, experi-
mental results were used. This experiment evaluates the performance of a GEM-based
detector by measuring the 5.9 keV X-ray emitted by a Fe-55 radioactive source reported
in [74].

The experimental setup, which was reproduced in Garfield++, consists of a single
GEM foil using bi-conical holes where outer and inner diameters holes were 55 um and
85 um, respectively. The thickness of copper and Kapton were 5 um and 50 um, respec-
tively. The gas mixture was Ar/CO; (75/25) at 1 atm and the geometric and electric
configuration is given in Table 5.1. A schematic view of the apparatus is shown in Figure
5.1.

66
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Figure 5.1: Sketch of the experiment. Adapted from [74].

Table 5.1: Geometric and electric setup.

Drift (Vp) | Induction (Vy)
Size [mm] 2 1
Voltage [V] 270 400

Varying the GEM voltage (V; in Figure 5.1) from 430V to 510V is observed that
the peak of the 3Fe spectrum shifted, both in experiment and simulation, as shown in
Figure 5.2, although the simulation results do not reproduce exactly the measurement due
to other effects that are not considered such as electronic components and their thresholds.
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Figure 5.2: Pulse height spectrum for various Vggy for simulation (left) and experiment
(right).

The simulation can also be validated by comparing the results for the detector gain.
As defined in Chapter 2, the effective gain is defined as the ratio between the amount of
charge recorded on the readout electrode and the number of primary charges [50]. The
results of the simulations and the experimental values are shown in Figure 5.3. The shape
of the curve obtained in the simulation has the same behavior as the experimental one,
and they differ only by a constant factor. This discrepancy is reported in other works
[68, 75, 76, 77] and it is attributed to the underestimation of the gain in Garfield++ by a
factor of 2 in a single GEM foil. In [77] it is pointed out that the underestimation is due to
the path of an electron that is considered a straight line between two collisions. This aspect
may underestimate the path length inside the GEM hole resulting in a reduced number of
interactions and consequently producing a lower number of electron-ion pair production
which gives a low effective gain. Despite that, the results indicate that the effective gain
of the GEM detector increases exponentially with an increase in the voltage applied in the
GEM (V). This is due to the avalanche of electrons that increase exponentially with the
voltage.
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Figure 5.3: Effective gain obtained with simulation and experiment. The difference in
Garfield++ is well-known in the MPGD community. Experimental data from [74].

5.2 Double-GEM Detector Prototype

In order to validate the simulations obtained with the fast simulator, experimental data
measured by a research group colleague was used, as reported in his master’s thesis [73].
This work reports the measurement with a double-GEM prototype, which was carried
out at the Nuclear and Energy Research Institute (IPEN) facility. IPEN is a State of Sao
Paulo autarchy, associated to the University of Sdo Paulo for educational purposes and
supported and operated technically and administratively by the National Nuclear Energy
Commission (CNEN), a federal agency of the Ministry of Science, Technology, Innova-
tions and Communications [78].

The apparatus of the experiment consists of a stack of two GEM foils, one with a large
pitch (280 pm, denoted as GEM LP) and one with a standard pitch (140 pm, denoted as
GEM S). A 0.5 mm thick aluminum cathode coated with boron carbide enriched in '°B.
The distance between the aluminum lid and the cathode is 3 cm. The drift, transfer and
induction regions were set to 2mm, 1 mm and 1 mm thick and bias of 100 V, 300 V and
400V, respectively. The detector was filled with a gas mixture of Ar/CO, (90/10). A
schematic view of the detector is shown in Figure 5.4.
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Figure 5.4: Double-GEM prototype scheme. Figure from [73].

5.2.1 Readout system

The detector readout is made of printed circuit board coupled to 256 copper strips in both
X and Y direction, widely used for two-dimensional projective readout [45], shown in
Figure 5.5. These strips consist of a 50 um polymer foil and have 400 um pitch.

|

Figure 5.5: Readout strips with 400 um pitch. Figure from [45].

The electrons generated in this detector are then collected in these strips, and the signal
is read by resistive chains that provide four channels (two for each direction). The resistive
chains consist of 128 SMD (Surface Mounted Device) resistors of 60.00 €2 connected to a
Panasonic®130-pin connector, as shown in Figure 5.6.
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Figure 5.6: Resistive chain with 128 SMD resistors with a Panasonic®130-pin connec-
tor. Figure from [63]

In addition to the four signals (two for each direction x-y), a fifth signal (charge signal)
is used as the trigger for the data acquisition. The acquisition system is based on NIM
electronics, which is very well known for its reliability and versatility, considering the
working regime of the detector. The signal collected at the bottom of the GEM LP (already
pre-amplified) is divided into two chains: the first passing through a faster preamplifier
followed by a discriminator, which will define the charge threshold for a given event.
If the signal surpasses the threshold, it activates the ‘gate generators’, which define the
digitizer’s reading interval. The other chain is amplified and acquired as the charge signal.
A multi-channel counter monitors the beam monitor detector, the discriminator, and the
gate generator to check the triggering system. The sketch of the acquisition systems is
shown in Figure 5.7

The signals collected at the end of the resistive chains on the readout are pre-amplified,
amplified, and digitized as usual. This setup allows to reconstruct the events (their energy
and position) using only five signals.
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Figure 5.7: Sketch of the acquisition system. Figure from [73]

The charge signal obtained in each point (X1, X5, Y7, and Y5) is used to reconstruct the
position where the charge reaches the readout using the center of gravity (COG) procedure
[73]:

p= A9 00y p@n = On (5.1)

QXz + QXl B QYQ + QYl ’

where A and B are constants to fine adjust the image. Qx,, Qx,, Qy, and Qy, are the
charges collected at the resistive chains. Figure 5.8 shows a schematic view of this proce-

dure.
/\ v2

N\ N

Figure 5.8: Sketch of the charge signal distribution in the strips. Figure from [73].

5.2.2 Measurements

The detector prototype was tested at the IEA-R1 nuclear reaction installed at the Nuclear
and Energy Research Institute (IPEN) facility [79]. The IEA-R1 has 4.5 MW power pro-
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vided by a water-cooled pool reactor, shown in Figure 5.9.
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Figure 5.9: Sketch of pool reactor. Figure from [73].

A multi-blade focusing silicon monochromator is used to select monochromatic neu-
trons with 1.399 A (41.8 meV), yielding a flux of neutrons of 6.22 x 10 n/(cm?s).

The apparatus was mounted on a x-y-z precision table allowing a fine positioning of
the detector with respect to the beam. The detector is shown in (A) of Figure 5.10, where
the shields of the y-axis resistive chain (B), the preamplifiers box (C), high voltages inputs
(D), and the beam outlet (E) are also shown.

Figure 5.10: The detector position (A) relative to the neutron beam. (B) shields of the y-
axis resistive chain, (C) preamplifiers box, (D) high voltage inputs and (E) beam outlet.
Figure from [73].
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5.3 Double-GEM Detector Simulation

In GEANT4 a thermal neutron point source with 25 meV was used to hit perpendicu-
larly the boron-10 converter layer. The visualization of this interaction given in GEANT4
is shown in Figure 5.11 with some graphic adaptations for better visualization. By de-
fault, GEANT4 attributes the color red, green, and blue for negative, neutral, and pos-
itive charges, respectively. The details of this particular simulated interaction given by
GEANT4 in the run-time are shown in Figure 5.12.

neutron —

neutron
capture

gaseous region

T_, 2.5 um boron-10 layer

z

Figure 5.11: Thermal neutron interaction with the boron-10 layer in GEANT4. This fig-
ure was adapted from the default GEANT4 visualization. Neutral particle tracks are pic-
tured in green and positive ones in blue.
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Figure 5.12: Details of the nuclear interaction with boron-10 simulated in GEANT4 of
Figure 5.11.

5.3.1 Detection Efficiency

All the geometry and materials described in the double-GEM experiment were simulated
in GEANT4. A thermal neutron point source with 41.8 meV was used to evaluate the
optimum thickness for a '°B,C converter layer, which corresponds to the thickness that
permits the maximum number of reaction products (a-particle and “Li ions) entering the
gaseous drift region of the detector. The thickness of the converter layer was varied from
0.5um to 5.0um and 1 x 10° neutrons were launched for each studied thickness. The
results are shown in Figure 5.13, which shows an optimum thickness close to 2.5 pm.
It is also shown an analytical calculation from the experimental work [73]. The results
obtained with the GEANT4 are in reasonable agreement with the analytical prediction.
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Figure 5.13: GEANT4 simulation of the optimum efficiency for the thickness of '°B4C
converter layer. The uncertainty is smaller than the point size. The line is an analytical
calculation from [73].

5.3.2 Spatial Resolution and Position Calibration

A cadmium mask was used to obtain the position calibration and an estimation of the
spatial resolution of the detector given that cadmium has a high neutron absorption cross-
section. The mask was placed just in front of the detector, intercepting the neutron beam.
The cadmium mask was constructed with a set of holes with diameters of 1.5 mm, 2.5 mm
and 3.5 mm, as shown in Figure 5.14.
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(a) Drilled cadmium mask. Figure from [73]. (b) Mask reproduced in Geant4.

Figure 5.14: Cadmium mask.

The simulation was accomplished as close as possible to the configuration in the ex-
perimental environment. A rectangular uniform thermal neutron beam of 41.8 meV was
simulated covering the holes in the cadmium mask. The material in the converter layer
was set as boron carbide ('’B4C) with 2.2 um thick and the detector was filled with a gas
mixture of Ar/CO, (90/10). The geometry with the cadmium mask and a visualization of
the tracks generated in GEANT4 are shown in Figure 5.15.



5.3. DOUBLE-GEM DETECTOR SIMULATION 78

Figure 5.15: Left: experimental geometry simulated in GEANT4, with cadmium mask
in green. Right: example of particles tracking from the rectangular thermal neutron
beam. Line colors red, green, and blue are for negative, neutral, and positive charges,
respectively.

A first result can be obtained considering only the energy deposited in the detector by
the neutrons. Figure 5.16 shows the energy spectrum obtained from the experimental data
(red line) and the simulation as well. It shows the contribution from each reaction product
(a-particles in blue and “Li in magenta) and the total one (black line). This agreement
between simulation and experimental data is already very good although this simulation
does not include several effects, like the charge multiplication (later considered in the fast
simulator) and the electronics of the experiment.
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Figure 5.16: Simulated energy spectrum in GEANT4 compared with the experiment.

Figure from [32].
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This simulation uses the low-energy electromagnetic model Livermore [80] to evalu-
ate the deposited energy by the reaction products (a-particle or Li) inside the drift region
and it was used as a pre-calibration for the experimental spectrum. The electronic thresh-
old of 100 keV was not considered in the simulation as well as the charge multiplication
process which will be presented later during the discussion of the fast simulator.

The spatial distribution in the x-y plane obtained in the experiment and in GEANT4
using the cadmium mask is shown in Figure 5.17. The charge distributions are very
similar with a higher intensity in the center of each hole and getting smoother in smaller

ones.
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Figure 5.17: Neutron image in x-y experimental and simulation.

Moving to the fast simulator, the first step is to generate the electrostatic conditions in
the detector, as the electrostatic potential map shown in Figure 5.18.
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Figure 5.18: Electrostatic potential map in the fast simulator given in Volts.

The first result from the fast simulator is again the energy spectrum and the charge
distribution in the readout (x-y) plane. Inserting the GEANT4 output (position and mo-
mentum of the reaction products) in the fast simulator, the yield and spatial distribution
of the charge are obtained as shown in Figure 5.19. The obtained spectrum as well as the
x-y distribution in the fast simulator have good agreement with the experimental data.
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(a) Simulated energy spectrum in fast (b) Distribution in x-y for the fast sim-
simulator compared with the experi- ulator.
ment. Figure from [81].

Figure 5.19: Results in the fast simulator.

Figure 5.20 shows a projection of the charge distribution in the x-axis for the three
central holes (with 3.5 mm diameter, in Figure 5.14). The simulation shows a good agree-
ment with the experimental data. Few differences can be observed in the amplitude of the
distributions as well as in their tails. This feature can be due to noise, lack of homogeneity
in the neutron beam, and other effects that were not considered in the fast simulator.
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Figure 5.20: Projection in x-axis for the central holes in mask A. Figure from [81].

The set of holes in the mask was used to compare the position resolution (given by
the FWHM of the spatial charge distribution) calculated through the fast simulator and
the experimental results as shown in Figure 5.21. It can be seen that the shape of the two
curves are similar differing only by a fixed amount.
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Figure 5.21: Comparison between the FWHM obtained from the holes in mask A for
fast simulator and experimental. Figure from [81].

It is interesting to add the simulation obtained in GEANT4 in some of the previous
results to emphasize the importance of the fast simulator. When the drift, diffusion, and
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multiplication of the electrons in the avalanche are taken into account the results change
considerably. In the next figures, the colors red, blue, and black represent fast simulator,
GEANTH4, and experimental data, respectively.

Figure 5.22 shows the energy spectrum obtained using the fast simulator (red), the
one using only the deposited energy by the reaction products in GEANT4 (blue) and the
experimental data (black).
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Figure 5.22: Energy spectrum in the fast simulator (red line), GEANT4 output (blue
line) and experimental (black line).

In Figure 5.23, the red line corresponds to the spatial charge distribution in the fast
simulator, the blue line shows the position distribution of the energy deposited by the
reaction products in GEANT4 and the black line shows the projection obtained in the
experimental data.
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Figure 5.23: Spatial charge distribution in one axis from the fast simulator (red line),
GEANT4 output (blue line) and experimental (black line).

It is also interesting to compare the FWHM obtained with the fast simulator, GEANT4
and in the experimental data as shown in Figure 5.24.
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Figure 5.24: Comparison between the FWHM obtained from the holes in mask A for the
fast simulator(red), GEANT4 (blue) and experimental (black).
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Although it has an agreement, the long tails in the fast simulator are more similar to
the experimental data. This shows that in the fast simulator the drift of the charges and its
impact on the detector response is more accurate when considering only the GEANT4.

Benchmark

The simulation of the double-GEM detector prototype was used to estimate the improve
in CPU processing time. The complete track for just one electron spends on average
11007(1382) ms in a full simulation, while in the fast simulator the time spent was
0.82(3) ms. Considering that one event deposits an average 407 keV according to the
simulations which yield ~ 1.4 x 10* electrons, hence ~ 43 h per event in the full simula-
tion against ~ 12 s per event in the fast simulator. Thus, this benchmark, performed using
an Intel Core 15-8265U CPU @1.60 GHz and 8GB of RAM, shows that the fast simulator
was 4 orders of magnitude faster.

5.4 Summary

The fast simulator has shown to have a good agreement concerning the energy spectrum
as well as the spatial distribution when compared to experimental data although some
discrepancies are still present. The processing time was greatly improved in the fast
simulator, making it possible to study these detectors using Garfield++ and GEANT4. In
the next chapter, the fast simulator was used to study possible strategies to improve the
position resolution of a detector analyzing possible optimizations in terms of gas mixture
and pressure.



Chapter 6

Detector Optimization

Beam monitoring is important in several applications such as particle accelerators, or in
the medical field where the precise control of the beam is crucial [82]. Radioisotope
production and cancer radiotherapy need precision and accurate beam for safety and ef-
ficient procedures. Another example is neutron scattering which is used in many areas
of science, from clean energy to nanotechnology, materials engineering, and fundamental
physics [83]. All these applications need a device capable of locating the radiation, hence
a position-sensitive detector.

A position-sensitive detector is a device constructed with the purpose of locating the
interaction point of a specific particle and with a certain resolution capable of distinguish-
ing closely spaced radiation making the spatial resolution an important parameter in these
devices. The desired spatial resolution depends on the application. For instance, in high-
energy experiments, a resolution of a few microns is not uncommon, on the other hand,
for medical applications, like a CT scanner, a spatial resolution of a few millimeters is
appropriate for diagnostic [22].

Considering GEM-based neutron detectors with a solid neutron converter, the perfor-
mance of a position-sensitive detector depends on several conditions [84]:

* the emitting angle of the secondary charged particle;

* the track length of a charged particle in the working gas;
* the electron diffusion and

¢ the pitch of the readout strips [20].

Some of these parameters can be modified aiming the improvement of the spatial
resolution. For instance, in [85] a very high spatial resolution is achieved by increasing
the counting-gas pressure and allowing an improvement from 2.6 mm to 1.2 mm with
1.0 bar and 3.5 bar, respectively. The CASCADE and Japan Proton Accelerator Research
Complex (J-PARC) have almost the same working gas and pressure but a different readout
strip pitch. In J-PARC the pitch is 0.8 mm which gives a 1.2 mm resolution at 1 bar which
is better than 2.6 mm at the CASCADE with a strip of 1.56 mm. A sub-millimeter spatial
resolution in neutron detection can be achieved with the introduction of a Time Projection
Chamber (TPC), as suggested in [86, 87, 88, 89].
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In this chapter, an optimization of the double-GEM detector prototype described in
section 5.2 will be shown, focusing on the improvement of the spatial resolution by ex-
ploiting the properties of the working gas, as its composition and its pressure, making
changes in reaction products path length and in the electron drift and diffusion.

6.1 Preliminary analysis

Previously to the optimization using the fast simulator, a series of tests of the viability of
the proposed approaches to improve the spatial resolution were performed with prelimi-
nary simulations in both SRIM and Garfield++.

Considering that when a particle travels a shorter path, which in this case is the pro-
jected range, the ionization can be constrained in a small region leading to an improve-
ment in the spatial resolution. Using SRIM, the projected range was simulated for a-
particles for different pressures and gases, shown in Figure 6.1. This result shows that the
projected range for xenon is shorter than for argon, and higher pressures also result in a
shorter projected range.

—_
(2]

Projected Range [mm]
S

—_
o

1.5 2 25
Initial a-particle Energy [MeV)]

0 05

Figure 6.1: Alpha particle range depending on its initial energy, for different pressures.
Close and open marks represent argon and xenon gas, respectively. Simulated using
SRIM.

Using Garfield++, ionization in the drift region was simulated to illustrate the motiva-
tion for increasing the pressure in argon, as shown in Figure 6.2. The path of an ionizing
particle (a-particle or "Li, in this case) through the drift region for different values of
pressure shows that when the pressure increases the track of the particle, as well as the



6.2. OPTIMIZATIONS USING THE FAST SIMULATOR 87

electron deposition, is restricted to a smaller range in x-axis as shown in the left panel
(Figure 6.2a). The right panel (6.2b) shows the electron-clusters distribution in the x-axis
due to 500 neutrons with 41.8 meV hitting always perpendicularly the same point of the
detector, i.e. starting at the same spatial point and moving always to the same direction.
This result shows that the distribution gets narrower as the pressure increase.
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(a) A visual example of the decrease in the (b) Electron-cluster position on the x-axis in
ionization region for one particle.. the drift region, considering 500 neutrons start-

ing at the same point.

Figure 6.2: Analysis of the relation between argon gas pressure and the position resolu-
tion. Figure from [90].

The results presented in Figure 6.1 and Figure 6.2 are a clear indication that the spatial
resolution can be improved by increasing the pressure and/or changing the gas composi-
tion to one with a higher atomic number.

6.2 Optimizations using the Fast Simulator

The fast simulator described in Chapter 4 was used to perform a series of simulations
using two gas mixtures:

« Ar/CO, (90/10) and
« Xe/CO, (90/10),

and three values of pressure: 1,2, and 3 atm. Each configuration was initialized with
2 % 10° thermal neutrons of 41.8 meV hitting perpendicularly the detector.

The spatial resolution was characterized and quantified by the spread functions: point
spread function (PSF) and edge spread function (ESF). These methods were described in
the previous chapter, see section 2.3.

The distribution in the x-y plane of the electrons in the readout plane as well as the
projection in the x-axis for the point spread function with the Gaussian fit for 1, 2, and 3
atm is shown in Figure 6.3 and in Figure 6.4 for argon and xenon, respectively.
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Figure 6.3: Optimization for argon gas and three pressures: 1, 2, and 3 atm.
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Figure 6.4: Optimization for xenon gas and three pressures: 1, 2 and 3 atm.

A summary of the spatial resolution, in terms of the FWHM, obtained through the
PSF method is compiled in Figure 6.5.
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Figure 6.5: Spatial resolution with respect to gas pressure estimated using the point
spread function (PSF). The uncertainty is smaller than the point size.

The spatial resolution was also estimated using the ESF. To apply the ESF in the
simulation, a cadmium mask with a square hole of 1 cm? centered in (0,0) in the plane x-y
was simulated. A rectangular beam of 2 x 10° thermal neutrons was used with the same
energy of 41.8 meV. The charge distribution at the readout plane as well as its spatial (x-
y) distribution is shown in Figure 6.6 and in Figure 6.7 for argon and xenon, respectively.
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Figure 6.6: Optimization for argon gas and three pressures: 1, 2, and 3 atm.
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Figure 6.7: Optimization for xenon gas and three pressures: 1, 2 and 3 atm.

The optimization obtained with argon and xenon for three pressures is summarized
with the FWHM of each setup in Figure 6.8. An improvement of at least 41 % can be
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achieved in the simulations by making these changes in the gas composition and pressure,
as shown in the results.
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Figure 6.8: FWHM optimization using argon and xenon for both methods: PSF and
ESF. The uncertainty is smaller than the point size.

The results in Figure 6.8 reveal that the spatial resolution has a complex dependence
on different aspects of the detector design. The a-particles range is higher in argon with
a pressure of 3 atm than in xenon with 2 atm (shown in Figure 6.1). However, the spatial
resolution is better for the argon case with 3 atm pressure. Here, the diffusion of electrons
in gases should be considered, because this is a significant factor for the position resolu-
tion, as discussed in 2.1.2.

Figure 6.9 presents the drift velocity of electrons in both gas mixtures simulated with
Magboltz [65] through Garfield++ integration, showing that the electrons have a higher
drift velocity in argon. Thus, it is expected that with a higher velocity the diffusion be-
comes smaller and then a better spatial resolution is obtained, as pointed out in Figure
6.8.
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Figure 6.9: Drift velocity as a function of the drift field for gas mixtures at different
pressures. Close and open marks represent argon and xenon gas, respectively. Figure
from [90]. This was the only simulation in this section that was not done in the fast sim-
ulator but in Magboltz.

6.3 Summary

The optimizations evaluated using the fast simulator show that a position-sensitive detec-
tor can be optimized in terms of spatial resolution by changing its gas and/or changing
its pressure. However, the drift velocity needs to be taken into account. In general, the
optimizations analyzed showed an increase of at least 41 % for the cases studied in this
work.



Chapter 7

Conclusion and Outlook

This work presented a parameterization strategy to build a fast simulator for GEM-based
neutron detectors using GEANT4 and Garfield++ that results in the charge distribution
from a thermal neutron interaction with a converter layer.

The code accelerates the simulation process parameterizing the charge distribution in
the detector readout plane. In the performance test using an Intel Core 15-8265U CPU
@1.60 GHz and 8GB of RAM, the fast simulator was 4 orders of magnitude faster. The
full simulation would take ~ 43 h per event (one neutron) while the fast simulator took
only ~ 12 s per event.

The spatial resolution as well as the energy spectrum obtained when comparing ex-
perimental results and the fast simulator predictions presented a good agreement, despite
some differences that can be due to effects not implemented in the simulation, such as
electronic noise or the lack of homogeneity in the neutron beam among others.

This tool was used to perform an optimization that aims for a better spatial resolution,
showing that changes in the working gas as its composition to one with a higher atomic
number and/or a higher pressure are good choices to improve the spatial resolution, with
all simulations showing an improvement of at least 41 %. The simulation shows that the
drift velocity must also be considered for the optimization, clarifying the importance of a
detailed simulation for detector optimization and the utility of the created code.

This fast simulator is a versatile tool that can be explored and improved to achieve a
higher agreement with the experiment through the implementation of other experimental
effects such as the electronic noise and a more realistic readout system. Its usage can
be extended to detect heavy charged particles, not only restricted to thermal neutrons,
corroborating its versatility.
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