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Abstract

The Deep Underground Neutrino Experiment will study neutrinos produced from
a high-intensity beam, that will travel a distance of over 1,300 km. One
component of the near detector site that will be located less than 600 m from the
source of the beam is ND-GAr, a high-pressure gaseous argon-based Time
Projection Chamber. GATO is the name of a prototype of ND-GAr being
developed to demonstrate event time-tagging with primary scintillation light that
is produced after particle interactions, a n d imaging of ionisation tracks. By
doping argon with 1% of CF4, scintillation light is wavelength-shifted from the

VUV to the visible region centred at A= 630 nm, a region that is easier to detect
with readily available photosensors,

Imaging of alpha particle ionisation tracks from secondary scintillation light
in GATO is demonstrated by instrumenting two layers of micropatterned charge
amplification structures - thick Gaseous Electron Multipliers - operated in 1 bar
of Ar:CF4 at a concentration of 99:1.

Primary scintillation light will be used to record the absolute time of inter-
actions and will be detected with a plane of SiPM photosensors. The time reso-
lution of the photosensor limits how precisely this information can be retrieved.
A front-end readout electronics board that combined the readout of 16 channels
of the Hamamatsu S14161-6050HS-04 SiPM tile to pave the way for large-area
coverage was developed for GATO. Experimental results show a signal-to-noise
ratio of 7 and a dark count rate of ~500 at -35 °C.

A layer of reflective PTFE material is placed surrounding the inner surface of
GATO, to increase the light collection efficiency. Photon propagation simulations
were carried out in Geant4 with a range of PTFE reflectance values, and two
scenarios of SiPM area-coverage are presented.
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Chapter 1

Introduction

1.1 The Deep Underground Neutrino Experiment

The Deep Underground Neutrino Experiment (DUNE) is a next generation
experiment and international collaboration, being built to probe neutrino
interactions to unravel some of the most intriguing mysteries in particle physics
and astrophysics. As neutrinos travel, they oscillate between their 3 flavours;
electron (ve/ve ), muon (V /v u) and tau (vr /v 7). In order for them to oscillate,
neutrinos must possess a small mass, which goes beyond the Standard Model for
physics.

DUNE seeks to understand the dominance of matter over antimatter in the
universe, by observing the differences in behaviour between neutrino and antineu-
trino oscillations. The experiment will send a high-intensity neutrino beam pro-
vided by the Long-Baseline Neutrino Facility (LBNF) to an underground
detector complex in Fermilab - the near detector - that will be located close to the
beam target from where the neutrinos originate. The neutrinos will then travel
to more than 1,300 km away, to a far detector that is approximately 1.5 km
underground at the Sanford Underground Research Facility (figure 1.1 [1]). The
far detector will measure the beam originating at Fermilab, and also atmospheric

and astrophysical neutrinos.
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Figure 1.1: The DUNE experimental sites at Fermilab and the Sanford Under-
ground Research Facility [1].

A key aim of the DUNE experiment is to measure the rate of neutrino interactions,
from which the oscillation probabilities for muon (anti)neutrinos to oscillate to
electron (anti)neutrinos or remain the same flavour can be extracted. By deter-
mining the probability as a function of neutrino energies, precision measurements of
the oscillation parameters can be carried out. The near detector will measure the
un-oscillated neutrino interaction rate, and the far detector will measure the
oscillated neutrino interaction rate. By comparison of spectra taken at both the
near and far detectors, the oscillation probabilities will be determined. DUNE
will also be sensitive to rare proton decay signals, that have been theorised but
not detected so far, which will make progress towards the unified theory of matter
and energy. Furthermore, DUNE will detect supernova neutrino bursts (SNBs) to

study neutron stars and black holes.

1.2 ND-GAr

1.2.1 Components and design

The near detector [2] will consist of three primary components: a magnetised
high-pressure gaseous argon-based Time Projection Chamber (ND-GAr), a liquid
argon Time Projection Chamber (ND-LAr), and a magnetised beam monitor that
is named System for on-Axis Neutrino Detection (SAND). A schematic of the near

detector is shown in figure 1.2.
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Figure 1.2: The components of the DUNE near detector complex: ND-LAr, ND-
GAr and SAND [2].

ND-GAr will be a magnetised high-pressure gaseous argon-based Time Pro-
jection Chamber (TPC) surrounded by an electromagnetic calorimeter, in a 0.5 T
magnetic field generated by superconducting coils. It is being designed to study
neutrino-argon interactions, with argon being the medium to match the target nucleus
of the far detector (the capabilities of gaseous versus liquid argon are described in
section 1.2.2). The drift region will have a diameter and length of approximately 5 m
each, giving a fiducial mass of almost 1 tonne of argon. With this volume, it is
expected that 1.6 million interactions will be collected per year of operation. A
schematic of ND-GAr is shown in figure 1.3 [2].
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Figure 1.3: ND-GAr design, showing the high pressure gaseous region, the elec-
tromagnetic calorimeter and the magnetic coils.

1.2.2 Capabilities

An important role of ND-GAr will be to measure the momenta and sign of particles
exiting from the upstream ND-LAr. Magnetisation from the superconducting
solenoid will allow measurement of the momenta of muons, using the curvature
in the magnetic field. By identifying the sign of charged particles, neutrino and

antineutrino reactions will be distinguished.
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One drawback of a gaseous medium is that a lower density than liquid argon
would result in a low neutrino event rate. For this reason, the TPC will run at
a pressure of 10 bar. An increased rate of neutrino interactions will produce a
larger statistics sample. The lower density of gaseous argon compared to liquid
argon (even at 10 bar) will provide a lower energy detection threshold, to enable

reconstruction of pions, protons and nuclear fragments.

As ND-GAr will have a low detection threshold, it will be able to constrain
nuclear effects in argon at the interaction vertex, which is one of the least under-
stood uncertainties for neutrino oscillation analysis. Pions that are misidentified
as knocked-out protons, or protons misidentified as pions, can be a cause for a
significant misreconstruction of neutrino energies in the far detector and in ND-
LAr. However, pions are rarely misidentified as protons in gaseous argon, and so
ND-GAr will provide information on the frequency of this misclassification.
Furthermore, secondary interactions occur at a far lower rate in gaseous argon
when compared to liquid argon, due to the lower density of the medium.
Confusion between primary and secondary particles is an important effect when
reconstructing events from liquid argon TPCs, but this work focuses on a gaseous
medium and therefore details of reconstruction techniques in liquid argon TPCs is
not covered herein. However, a gaseous medium would evidently be beneficial in
identifying those particles that are from primary interactions, due to the lower
secondary interaction rate. These improved particle identification capabilities will

enable the constraint of systematic uncertainties for neutrino oscillation analyses.

1.2.3 Light production and collection

A complete conceptual design for ND-GAr is still being developed, expected for
the late 2020s with a final design in the early 2030s. To facilitate this final design,
it is necessary to develop hardware prototypes, to carry out research and devel-
opment tests. One major area of research and development for ND-GAr is light
production and collection. A photon detection system in ND-GAr could enable the
absolute determination of the interaction time in the TPC, by collecting primary
scintillation light signals [3]. This would be a novel development for gaseous argon
TPCs. The primary scintillation light could be collected by instrumenting the
plane behind the TPC cathode with photosensors, and lining the field cage with a
reflective material (Geant4 simulations of the light collection efficiency are
14



described in chapter 6). Secondary scintillation light signals could also be imaged
with an optical readout method. An ongoing research effort is on the design

of the photon detection system.

In pure gaseous argon at 10 bar, a minimum ionising particle would produce
photons mainly in the vacuum ultraviolet (VUV) region, at 1400 photons/cm
[4]. However, it is a typical requirement to add a quench gas to TPCs for stable
operation, and quench gases absorb VUV photons. Doping argon gas with a
small percentage of CF4 quenches the gas mixture, with the added benefit of

wavelength shifting photons from the VUV to the visible region [5], which increases
the detection capabilities of the light.

1.3 Motives of this work

GATO is an optical TPC, being developed as a technology demonstrator and proto-
type for ND-GAr. This work demonstrates charge amplification with Gaseous
Electron Multipliers (GEMs) and optical imaging of secondary scintillation in
Ar:CF4 gas using GATO, as is an envisioned requirement to illustrate for ND-GAr.
Absolute timing of neutrino interactions can be carried out by time-tagging the
primary scintillation signal. However, the precision to which this can be achieved
will be limited by the time resolution of the photosensors that are employed. The
study of the timing capabilities of silicon photomultipliers (SiPMs) with combined
channels in the frontend electronics readout board was experimentally tested and is
described. Multiple readout channels need to be combined to enable large-area
coverage, however this results in a degradation of the achievable time resolution.
The time resolution can be characterised by measuring the signal-to-noise ratio and
dark count rate of the SiPMs with their associated readout electronics. .Finally,
Geant4 simulations of the light collection efficiency of the SiPMs with a PTFE
reflective layer lining the field cage of the GATO TPC were carried out.
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Chapter 2

Time Projection Chambers

2.1 Operating principles

The Time Projection Chamber (TPC) was first introduced in 1976 [6]. It
consists of a gas-filled sensitive volume, with a cathode and anode. A particle
passing through the gas volume excites and ionises atoms in the gas mixture
along its trajectory. The cathode is biased with a high voltage, to supply a drift
electric field. Electrons released from the ionisation travel under the influence of
the drift field, towards the anode. At the anode, electrons can be collected and
read out. Field-homogeneity in the drift region is provided by a field cage
which surrounds the drift region, typically made from conducting rings, which
divide the electric potential from the cathode. If a magnetic field is applied
perpendicular to the electric field in the drift region, the momenta of passing
particles can be determined by the curvature of their trajectories, caused by the
Lorentz force. The basic concept of a TPC is illustrated in figure 2.1 [7].
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Figure 2.1: The structure of a basic TPC [7].

The x- and y-coordinate positions of a particles trajectory as it passes through the
TPC gas volume can be obtained if the anode is segmented by pads, directly
from the projection onto the anode. The z-coordinate can be obtained from the
drift time, which is the time between the particle passing through the TPC volume
and the associated anode signal. When particles pass through the TPC,
alongside ionisation electrons they also produce scintillation light from
excitation and subsequent deexcitation of the gas atoms and molecules. Sensors
such as SiPMs can be used to record the time of the primary scintillation
signal. To determine the distance between the interaction point and the anode,
the drift velocity of the ionisation electrons is calculated. In this way, three-
dimensional positional information can be reconstructed of the particles’

trajectory.
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2.2  Drift and diffusion

The average velocity of ionisation electrons in a gas can be described by the

Maxwell-Boltzmann distribution, using the following equation [8]:

8kl
(v) =V— (2.1)

mm

where kB is the Boltzmann’s constant 8.62x10"5 eV/K, T is the temperature of
the gas and m is the mass of the particle under motion.

Under the influence of a TPC drift field, the ionisation electrons move towards
the anode. Alongside moving towards the anode, they also undergo longitudinal
and transverse diffusion, moving in a manner to reduce a density gradient between
the electrons and the target gas. In the drift region, diffusion of the charges needs

to be minimised to maintain high resolution of the particle tracks.

When drifting in a TPC filled with pure argon gas, the electrons mainly
experience elastic scattering, and only a small fraction of the electron energy is
transferred to the argon atoms. The electron energy dependence of ionisation,
excitation and elastic scattering cross-sections in argon gas is shown in figure 2.2
[9]. When adding a molecular additive to the argon gas, new inelastic scattering
energy transfer channels become available, offering lower energy levels in the form
of vibrational and rotational states. These inelastic scattering processes have lower
cross-sections than of elastic scattering, but still can transfer ~100 times more
energy to the gas, therefore reducing the level of electron diffusion in the drift
region [10].
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Figure 2.2: FElectron energy cross-sections for elastic scattering, ionisation and
excitation processes in argon gas [9].
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2.3 Charge amplification with gaseous electron

multipliers

Ionisation electrons produced in the initial interaction would typically produce a
signal that would be too small to detect if they were not amplified before reaching
the anode, due to their low quantity. Structures such as Gaseous Electron Mul-
tipliers (GEMs) [11] can be used to produce secondary ionisations, by means of
avalancheprocesses.

A GEM consists of an insulating substrate, coated on either side with conduct-
ing electrodes. The structure is perforated with a dense matrix of micropatterned
holes, as can be seen in the microscopic image in figure 2.3 [12]. Application of a
suitable potential difference between the two electrodes produces regions of high
electric field strength within the holes. Electrons entering the holes acquire suffi-
cient energy to induce secondary ionisations, triggering an avalanche amplification
process. The typical electric field within the holes is illustrated in figure 2.4 [12].

Figure 2.4: The electric field lines in a hole of a GEM [12].
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Primary ionisation electrons produced in the drift region are accelerated to GEM
holes with the applied drift electric field. Electrons gain kinetic energy due to
acceleration from the high electric field within the holes, in between their
collisions with the gas atoms. The mean free path, 4, is the average distance a
primary electron travels between collisions, and provides the Townsend coefficient, o

1

“= - (2.2)

The Townsend coefficient thus depends on gas pressure and electric field strength.
The number of secondary electrons, dN , produced per unit length during the
avalanche process in the holes can be determined after a path length dx travelled

by N primary electrons:

dN =N .adx (2.3)

If N primary electrons enter the holes of the GEMs, the detector gain, M , is
characterised by the multiplication factor, where N (X) is the number of electrons
after path length x:

N (x)
- No

M

(2.4)

The multiplication factor has a limit before discharges caused by electrical break-
down. A phenomenological limit given by the Raether limit gives a maximum gain
of ~ 100 [13]. Discharges can cause serious damage to the GEM structure, which
can lower the achievable gain.
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2.4 Quenching

Excitation and subsequent deexcitation of gas atoms following electron energy
transfer results in the emission of photons in the vacuum ultraviolet (VUV) re-
gion. These photons undergo photoelectric interactions with the gas and produce
secondary ionisation electrons. The secondary electrons can go on to further ionise,
leading to a chain reaction which can destabilise the detector operation and pro-
duce discharges. Molecular quench gases added in small quantities can absorb the
VUYV photons to maintain a stable operation. However, if detection of the photons
is necessary, for example to time-tag reactions, then a high-level of quenching will
reduce the sought light yield.

2.5 Optical readout

2.5.1 Photosensor technology requirements

In an optical TPC, scintillation light produced is detected by installing photo-
sensors. Depending on the purpose of imaging the scintillation light, the type
of photosensor employed varies. Some photosensor properties that are considered
include single photon detection capability, dark count rate, magnetic field compat-
ibility, pressure rating, wavelength efficiency and sensitive area. Widely employed
photosensor technologies in gaseous detectors are silicon photomultipliers (SiPMs),
photomultiplier tubes (PMTs), CMOS and CCD cameras.

Detection of the primary scintillation light signal can be done to determine
the initial time of interaction inside a TPC, as described in section 2.1. PMTs
offer the single-photon sensitivity required, but are not rated for operation in a
high magnetic field, nor at high pressures. In comparison, SiPMs can operate in a
high magnetic field and at high pressures with single photon sensitivity. They also
require lower operating voltages and have longer lifetimes [14]. However, SiPMs
suffer from a high dark count rate at room temperature [15] and individually have

small sensitive areas.

Primary ionisation electrons that are drifted to regions of high electric fields
in amplifications structures such as GEMs can produce secondary scintillation

light, as will be described in section 3.2. Detecting secondary scintillation light
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can produce a 2-dimensional track image, with a projection of the trajectory of
the ionising particle. This can be achieved by placing a CMOS or CCD camera
after the amplification stage of a TPC.

It can be a requirement in TPCs to detect both the primary scintillation light
for time-tagging, and the secondary scintillation light for 2-dimensional track imag-
ing, by using two separate photosensors. In both cases, the wavelength efficiency
of the photosensor used would need to match the wavelengths of the primary and
secondary scintillation light emissions. However, if the emission is in the VUV
region, then most photosensor technologies are not optimised for the detection of
this light. This can be overcome by shifting the wavelength of the scintillation

emissions to the visible region.

2.5.2 Silicon photomultipliers
Structure of a silicon photomultiplier

An SiPM is a solid-state photodetector, formed by connecting in parallel sev-
eral identical small-sized cells that are fabricated on silicon. Each cell consists of
a Geiger-mode avalanche photodiode (APD) in series with a quenching resistor.
Geiger-mode APDs are capable of single-photon detection, but individually their
signals do not contain information about the intensity of the incident light. By
connecting several cells in parallel with a common-bias and common-cathode, this

limitation is overcome. The basic design of an SiPM is shown in figure 2.5 [16].
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Figure 2.5: The composition of an SiPM, with multiple cells of quenching resistors
and APDs in series. [16]

Geiger-mode operation

A Geiger-mode APD operates with the presence of an electric field region, that is
created by an external reverse bias. A single photon incident on a cell can generate
electron-hole pair charge carriers, which then roam with movements influenced by
the electric field. If the electric field is increased by applying a higher reverse bias,
the mean energy of the carriers can exceed a threshold, to produce impact ioniza-
tion and release secondary charge carriers [17]. This can trigger an exponential
charge amplification avalanche, rapidly increasing the number of charge carriers.

When the electric field is high enough so that a single charge carrier triggers a
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self-sustained avalanche, the APD is in Geiger mode, and the bias at which this
occurs is referred to as the breakdown voltage. The avalanche is stopped when the
current spike in the quenching resistor of the cell lowers the voltage on the APD,

thus reducing the probability of impact ionization.

The APD makes use of avalanche charge multiplication as its’ gain mecha-
nism. The gain of the avalanche is the ratio of the total amount of charge that is
collected and the fundamental electron charge, with a typical value in the range
of 10° to 10°. [14].

Photon counting

When a photon is incident on an APD, an output pulse is generated. A single cell
in an SiPM can only detect a single photon at a time, and hence the measured
output pulse amplitude from a single cell does not reveal information about the
number of photons detected at one moment in time. However, if multiple cells in

an SiPM absorb photons simultaneously, the resulting output pulse amplitude is
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a superposition of the amplitudes from each cell. Hence, the signal amplitude has
discrete heights which correspond to the number of detected photons, as seen in the
oscilloscope traces in figure 2.6 [18]. For example, if two photons are incident on
separate cells of an SiPM, the pulse amplitude is twice as high as the amplitude from

one photon. Using this knowledge, it is possible to count the number of

Figure 2.6: Ocillscope traces showing discrete photon bands [14].

photons that were incident on the SiPM, by analysing the output pulse heights,
and thus determine the gain of the SiPM [14].
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Chapter 3

Interactions with matter

3.1 Charged particles

Charged particles interact with matter through electrostatic forces. Depending
on the amount of energy a charged particle transfers in an interaction, either
ionisation or excitation of atoms and molecules in the medium can occur. The
mean energy lost per unit length of a charged particle with velocity v, charge z
and energy E interacting with matter, when it travels a distance X into matter
of electron density n and mean excitation energy /, is provided by the following
Bethe-Bloch formula [19]

dE 4w nz? e2 2 2m c2p2
—( )= () MInC——)—F (3.1)
dx mec? p?  4meo I-(1-p5%

Here 3= v/c, and e and me are the charge and mass of an electron respectively.

The energy lost by a charged particle when it ionises a target medium to
produce a single electron-ion per is called the W-value. The W-value is higher
than the ionisation energy of the target medium, as some energy is also transferred
in exciting atomic electrons to higher bound states. The W-value of pure argon
for 5.31 MeV alpha particles is 26.31 eV [20].
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The number of ionisation events, N, can be obtained by dividing the energy

transferred by the charged particle, E, by the W-value, W:
N E
= __ 3.2
T (3.2)

However, the amount of electron-ion pairs created by a charged particle is a sta-
tistically fluctuating process, following a Poisson model distribution. The total
number of ionising collisions, N, along a distance X travelled by the particle is
given by:

X

M=o —1 (3.3)

where n is the number density of the medium and o is its cross-section [21].

If the energy transferred by the charged particle is less than the ionising
energy of the medium, then excitation of atoms and molecules in the medium can

occur.

3.2 Photons

Photons emitted from excitation and subsequent deexcitation interact with matter
via the photoelectric effect, Compton scattering or pair production. The atten-
uation of photons, /(x), after they travel a distance x can be described by the
following expression:

I(x) = loe—#x (34)

where /(g is the initial intensity of the photons and y is the attenuation coeeficient.
Unlike charged particles that gradually loose energy as they travel through mat-
ter, photons are attenuated through either absorption or deflection. The photon
interaction cross-section for each process depends on the atomic number of the

target medium and the photon energy, as is illustrated in figure 3.1 [22].
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Figure 3.1: Cross-sections for the photoelectric effect, Compton scattering and
pair production as a function of photon energy, for target mediums of different
atomic numbers [22].

3.2.1 The photoelectric effect

The photoelectric effect occurs for photons of lower energies. When a photon is

absorbed by an orbital electron, the electron can acquire sufficient energy to be
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ejected from the atom. An electron from an outer shell replaces the electron, and
in doing so emits a photon of a characteristic energy. The energy of the emitted

photoelectron, E, is given by:

Where Ep is the photon energy and Ep is the binding energy of the electron. The
recoil momentum of the electron caused by photon absorption is absorbed by the

nucleus.

For a fixed photon energy, the absorption cross-section increases with higher
atomic numbers of the target medium. The photon absorption cross-sections in
argon as a function of photon energies is shown in figure 3.2 [23]. Photons which
have an energy which is close to the binding energy of an electron have an increased
probability of interaction. For example, the photon cross-section is small at photon
energies which are above the highest binding energy of the atom, the innermost
K-shell, but it increases as it reaches the K-shell energy. The K absorption edge,
3.2 keV for argon, is where the cross-section drops rapidly, as the electrons in the
K-shell do not undergo the photoelectric effect. The figure shows similar L and M
absorption edges.
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Figure 3.2: Cross-sections for photon absorption by argon atoms as a function of
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photon energy, displaying the K, L and M absorption edges. The red line shows
total atomic cross-section and the blue lines are from dipole approximations [23].

If the incident photon has a sufficiently high energy to be absorbed by an inner
shell electron, a characteristic X-ray photon with an energy corresponding the

quantised atomic orbital energy levels is emitted and reabsorbed instantaneously.

3.2.2 The Compton effect

The Compton effect occurs when a photon undergoes inelastic scattering off an
electron in an outer shell. The electron binding energy can be neglected if the
energy of the incident photon, Ep, is sufficiently high, so the electron undergoes
inelastic scattering with the photon as though it were a free electron. Energy

transfer from the interaction causes ejection of the electron, with the resulting
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energy, Ep’, and scattering angle, 6, of the photon being given by [24]:

Ey

E, = (3.6)

=
¥ (1—cosB)

1+ 2

3.2.3 Pair production

In pair production, an incident photon is converted into an electron-positron pair.
The photon energy must be greater than the rest mass of the electron-positron pair,
for this process to occur. Pair production typically occurs within the electric field

if an atomic nucleus, which absorbs the recoil energy for momentum conservation.

3.2.4 Primary and secondary scintillation

When a charged particle interacts with a medium, alongside the production of
primary ionisation electrons, it leads to excited states of atoms and molecules in
the medium. Photons emitted following de-excitation are referred to as primary
scintillation light. If primary ionisation electrons are drifted to a high electric
field region, such as to a GEM-like amplification structure, they can themselves
produce further ionisation and excitation events. This leads to the production of

secondary scintillation light, called electroluminescence light.

The excited states of the medium evolve with time through chemical reactions,
and eventually reach an intermediate state that decays and gives a characteristic
scintillation spectrum, showing the energies of the emitted photons. By knowing
the decay probability and state-to-state transition probabilities, the time evolution
of the excited states could have been calculated to obtain the scintillation spec-
trum, were it not for the role of the chemical reactions. Chemical reactions result
in several energy levels and species, with numerous possible competing interac-
tions between each of them. Scintillation spectra as a result have bands and peaks
from dimers, ions and atomic levels, and they cannot be computed directly. Some

example chemical reactions are presented below, in which a noble gas medium is
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referred to as NG and an additive as AB [10].

NG* + AB — NG + AB* Wavelength-shifting
NG*+ AB —» NG + A + B Molecular dissociation

NG** + NG —» NG* + NG Self-quenching
NG*(v # 0) + NG —» NG*(v = 0) + NG Excimer relaxation
2 2

NGs(v = 0) - NGz2(v = 0) + NG + hv Excimer emission

3.3  Scintillation in Ar:CF4 gas mixtures

Often it is the case that molecular additives are added to scintillating noble gas
mediums for detector operation, to exploit certain properties. For example, as
described in chapter 2.4, quenching components are added in small proportions
to absorb highly-energetic VUV photons which can destabilise detector operation.
However, in doing so, the scintillation light yield is reduced, which is a disadvan-

tageous side-effect.

Despite this, one further motivation for adding a molecular additive is to
reduce diffusion of ionisation electrons in the detector gas. This is achieved through
a process called electron cooling, whereby ionisation electrons loose energy to the
molecular components after inelastic scatterings, due to the latter’s vibrational
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and rotational degrees of freedom.

Furthermore, adding a molecular additive can result in wavelength-shifting
of the scintillation light yield due to energy transfer reactions, as described in the
previous section. If the wavelength-shifting can occur from the VUV region to the
visible or near infra-red region, then the scintillation yield would be in a region
where light detection would be easier, as readily-available commercial photosensor
technologies can be used. The added benefit would be that the detector gas will
still be quenched for stability.

A study [25]has shown that by doping argon gas with molecular CF4, wave-
length shifting of scintillation light occurs to a band centred at A = 630 nm.

As the visible light is easier to detect than VUV light, it is not disadvanta-
geous for the gas mixture to quench the highly-energetic VUV photons. Therefore,
quenching for detector stability does not come at a cost of reduced beneficial scin-
tillation yield. Figure 3.3 [25] displays a kinematic scheme showing the various
transfer, decays and quenching reactions responsible for the wavelength shifting
in Ar:CF4. Scintillation yield spectra in the gaseous pressure range of 1-5 bar
and CF4 concentrations from 0.1% to 10% are shown in figure 3.4 [25]. The trans-
missions begin to occur with as little as 0.1% of CF4 added to the mixture. The
integrated yields shown in different bands as a function of the percentage concen-
tration of CF4 are shown in figure 3.5 [25]. The visible band (400 nm — 700 nm)
has the highest yield with 1% of CF4.
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Figure 3.3: A kinematic scheme showing the transfer, decay and quenching reac-
tions responsible for wavelength shifting in Ar:CF4 gas mixtures [25].
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Figure 3.4: Scintillation emission spectra for different concentrations of CF4 dop-

Integrated photon flux (a.u/eV)

Integrated photon flux (a.u/eV)

Figure 3.5: Integrated scintillation yields for different concentrations of CF4 dop-
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Chapter 4

The GATO optical Time

Projection Chamber

4.1 Concept and geometry

GATO is an optical Time Projection Chamber, a prototype of the DUNE ND-GAr
detector being developed to demonstrate interaction time tagging using primary
scintillation and track imaging using secondary scintillation. A detector gas mix-
ture of Ar:CF4 with a ratio of 99:1 is chosen to have the same argon target nucleus

as ND-GAr, whilst shifting the emission of the scintillation light from the VUV
to the visible region and simultaneously quenching the highly energetic destabil-

ising photons, as described in the previous chapter. It is necessary to keep the
concentration of the CF4 molecular additive as low as possible, to minimise the

occurrence of non-argon parasitic reactions.

The main components of GATO are a field cage, a PTFE reflector, two GEM
amplification structures, photosensors for time tagging and a CCD camera for

track imaging. A diagram of GATO is shown in figure 4.1.

SiPM photosensors placed behind the cathode plane, where indicated in figure

??, will detect the primary scintillation light to enable time tagging of interactions
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in a future upgrade, the development of which will be detailed in chapter 5. The
field cage is made from a series of copper rings connected in series with resistors to
homogenise the drift field, as shown in figure 4.2. The field cage is surrounded by a
hollow cylinder made from the chemical polymer polytetrafluoroethylene (PTFE)
[26]. PTFE is used as an electrical insulator, and also as a light reflector so that the
primary scintillation light collection efficiency is maximised. Geant4 simulations

of the light collection efficiency will be covered in chapter 6.

A drift field accelerates ionization electrons to a stack of two thick
GEMs. Stacking two GEMs allows for two stages of amplification, giving an
increased number of ionisation events and thus higher light yields. The first
thick GEM is made from an acrylic substrate of 0.7 mm thickness, coated
with copper on either side. The structure is perforated with holes of 0.7 mm
diameter and 1 mm pitch. The second thick GEM is made from an FR4 substrate
of 0.5 mm thickness, perforated with holes of 0.3 mm diameter and 0.5 mm pitch.
A microscopic image of the acrylic thick GEM holes is shown in figure 4.3. The
GEMs were placed in a holder, with a gap of 5 mm between them, as seen in
figures 4.4 and 4.5. The GEM holder was placed on top of the field cage and the
field cage was then mounted to inside the vessel, shown in figure 4.6. The

assembled TPC after it was sealed with flanges is shown in figure 4.7.

Field
cage
GEM rings
amplification
structures

Primary
photosensor
plane

€Ch
camera  Viewport

Adjustable
camera stand

Cathode
plane

Figure 4.1: A diagram of the GATO optical Time projection chamber, labelling
the key components.
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Figure 4.2: The field cage, surrounded on the inner side with a PTFE reflector

" ’ ‘
dist=1m

Figure 4.3: A microscopic image of holes in the acrylic thick GEM.
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Figure 4.4: The acrylic thick GEM in a holder.

Figure 4.5: The FR4 thick GEM in a holder.
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Figure 4.6: The empty vessel of the GATO optical TPC, prior to the field cage
being mounted inside.
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Figure 4.7: The assembled GATO optical TPC.

4.2  Alpha particle track imaging

After sealing the vessel, it was filled with 1 bar of Ar:CF4 with a ratio of 99:1.

Alpha particles from an americium-241 (Am-241) source placed within the TPC
produced primary ionisation electrons. A drift field of 80 V/ecm was applied by
biasing the cathode and the top ring of the field cage, using CAEN high voltage
modules. This drifted the primary ionisation electrons to the two stacked GEMs.
The upper and lower copper conducting surfaces of both GEMs were also biased
with CAEN high voltage modules, to potential differences of 1950 V and 990
V across the acrylic GEM and FR4 GEM respectively. This created high electric
fields within the holes of the GEMs, leading to Townsend avalanches that produced
secondary scintillation light, as described in chapter 3. The amount of secondary
scintillation light produced was sufficient to allow the alpha particle ionisation
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tracks to be imaged.

The imaging was done using a Retiga R6 CCD camera [27] with a quantum
efficiency of 75% in the 400 — 1000 nm wavelength range, placed in front of the
viewport as shown in figure 4.8 at a distance of ~520 mm from the surface of
the upper (FR4) GEM, and surrounded with a light-tight enclosure to prevent
ambient light contamination. The camera resolution was 224x183 pixels (width
x height), and produced 16-bit output images with a 2 ms exposure time set per
image. Each physical pixel of the camera was 4.54 pm x 4.54 pym, with a readout
noise of 5.7 electrons. It was set to 8x8 binning, which combined 64 pixels into
a single larger pixel. Binning provided a higher signal-to-noise ratio, as the noise

remained at 5.7 electrons per bin.

Figure 4.8: The Retiga R6 CCD camera, in position in front of the viewport.

@ P

Images of secondary scintillation light from the alpha particle tracks are shown
in figure 4.9. Am-241 undergoes primarily alpha-decay to neptunium-237 with a
rate of ~200 Hz and a half-life of 432.6 years [28]. 85.2% of the decays produce
alpha particles of 5.486 MeV, and 12.8% of 5.443 MeV. The decay scheme is shown
in figure 4.10 [29].

This demonstrated for the first time the imaging of secondary scintillation
with a double GEM stack, in the GATO prototype. This was achieved by shifting

the wavelength of the light from the VUV to the visible region, using an Ar:CF4
41



99:1 gas mixture at 1 bar. Future work will pressurise the TPC to up to 5 bar to
assess if sufficient scintillation light is produced at high pressures to allow track

imaging, as is a requirement for the ND-GAr  detector.
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Figure 4.9: Images of alpha particle tracks from the GATO optical TPC.
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Figure 4.10: The decay scheme of Am-241 [29].
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Chapter 5

Silicon photomultipliers (SiPMs)

for primary scintillation detection

In the ND-GAr detector, the primary scintillation signal will be used to determine
the absolute timing of neutrino interactions, with single-photon level sensitivity.
The time resolution of the photosensor limits how precisely this information can
be retrieved. The GATO prototype of the ND-GAR detector, described in the
previous chapter, needs to be instrumented with a plane of SiPMs to detect the

primary scintillation light.

ND-GAr is proposed to be in a magnetic field of 0.5 T [2] and operated at a
high-pressure of 10 bar. SiPMs were thus proposed as a photosensor technology for
the GATO prototype, and ultimately ND-GAr. SiPMs can operate at high-pressure
and high-magnetic fields. PMTs are another photosensor technology, but they are
not compatible for use in high-magnetic fields environments, nor are they rated for
high-pressure. In comparison to SiPMs, PMTs also require higher voltages, and

have shorter lifespans [14].
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5.1 Requirements
5.1.1 Ganging

Individual SiPMs have a small surface area, which is not adequate for large-area
coverage. To facilitate a larger detection area, multiple SiPMs would need to be
installed. This would greatly increase the number of readout channels, giving rise
to challenges related to power consumption constraints, noise from cables, data

bandwidth and physical space limitations.

In order to overcome this challenge and achieve a large primary scintillation
detection coverage area with multiple SiPMs, the readout channels from each SiPM
can be combined into one readout channel. This is referred to as ‘ganging’ of

channels in the readout front-end electronics.

5.1.2 Time resolution

A key requirement is having a high precision in the time resolution in the determi-
nation of the primary scintillation signal, whilst ganging several readout channels

in the front-end readout electronics to enable a large-area SiPM coverage.

The SiPM time resolution is limited by the electronic response of the front-end
readout electronics. Ganging several SiPMs into one readout channel increases the
total capacitance [30]. A high parasitic capacitance in readout electronics degrades
the time resolution by resulting in a slower rising edge of the signal caused by a
higher slew rate (dV/dt), and also lowers the output pulse amplitudes [31]. The
resulting reduction of the signal-to-noise ratio [32] will limit the time resolution,
if a leading-edge threshold is used as a trigger method. A signal-to-noise ratio of
5-10 would allow nanosecond time resolution [3], and so one motivation of this

study was to demonstrate if this level could be met.

Furthermore, SiPMs suffer from high dark count rates at room temperature
[15], resulting from thermally generated charge carriers [17]. A high dark count rate
increases baseline fluctuations in the waveforms, which also introduces fluctuations
into the trigger threshold-crossing time, [31] degrading the time resolution. It is

therefore important to measure and reduce the rate of these thermally generated
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dark counts. Lowering the temperature reduces the dark count rate of the SiPMs
[18][15], and so a measurement of the dark count rate as a function of temperature

was carried out.

5.2 Parallel ganging readout board for the

silicon photomultiplier tile

The Hamamatsu S14161-6050HS-04 tile [33] consisting of an 25 cm? array of 4x4

SiPMs was selected as a prospective tile for the GATO prototype.
the SiPM tile with dimensions is shown in figure 5.1 [33].

25.0
0.2 3 x6.2=186

A schematic of

0.2

0.2
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.

(16 x) Effective
photosensitive area

0.2

Figure 5.1: A schematic of the Hamamatsu S14161-6050HS-04 tile [33].

A readout board that ganged the 16 channels from each SiPM in the tile into

a single output was designed for the amplification stage. The ganging scheme is
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shown in figure 5.2.  The transimpedance amplifier took a current input and
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Figure 5.2: The electronic circuit diagram for the ganging of 16 signal outputs into
one readout channel.

voltage output, with operational amplifier OPA847 that has a gain of 104 [34].
At the input of the transimpedance stage, there is parallel passive ganging of
the SiPMs into four groups of four. An active ganging summing stage follows
the passive ganging stage, with all the channels combined and readout with a
THS4131 differential output amplifier [35]. The amplification readout board is

shown in figure 5.3.
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The SiPM tile was coupled to the amplification board and mounted on a

power motherboard (figure 5.4), as is shown in figure 5.5.

Figure 5.3: The printed circuit board of the amplification stage with the ganging
of 16 channels.
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Figure 5.4: The two surfaces of the power motherboard, used for the amplification
stage.
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Figure 5.5: The SiPM tile mounted on the amplification stage, coupled to the
power motherboard.
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5.3 Experimental setup

In order to measure the gain, signal risetime, signal-to-noise ratio and dark count
rate, an experimental setup that was temperature-controlled via liquid nitrogen
was used, as illustrated schematically in figure 5.6. Dark count rates were mea-

Optical fibre
/u;\ Pulse generator

N

Oscilloscope

AL J

SiPM tile \
and

amplification
electronics

Voltage supply

Plastic enclosure for
electromagnetic shielding,
humidity control and
light-tightness.

Polystyrene box filled with liquid nitrogen

Figure 5.6: A schematic showing the experimental setup for the measurements of
the SiPM tile and readout electronics.

sured at a range of temperatures from -35 °C to -10 °C, and the gain was measured

at -35 °C so that the dark count rate would be minimised.

To achieve optical isolation, electrical insulation, and humidity control, the
SiPM tile coupled to the readout board was mounted on a cylindrical hollow plastic
enclosure, with the sensor facing inward (5.7). This was then placed in a secondary
insulating plastic container that was partially coated with aluminium foil, for an
additional layer of protection. The entire setup was placed in a thermally insulated
polystyrene box (5.8), which was filled with a few centimetres of liquid nitrogen
for cooling and then sealed. A temperature probe placed in close vicinity to the

SiPM tile inside the plastic cylinder monitored the local temperature.
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SiPMs operate at a few volts above the breakdown voltage of the APDs,
referred to as their overvoltage. A Keithley 487 high voltage source unit was used
to reverse-bias the SiPM with an overvoltage of 3 V. The amplification board was
biased to +5 V, with a HMP4040 Rohde and Schwarz low voltage supply.

The output current pulses from the SiPM tile were converted to voltage signals
in the transimpedance amplifier stage of the amplification board, and fed out
from the polystyrene box into a room temperature environment. The signal was
acquired directly by a Tektronix MSO44 oscilloscope, with a 625 Ms/s sampling

rate.

To measure the gain and signal-to-noise ratio, the Thorlabs LED450LW LED was
used as a low intensity visible light source. The LED was connected to an
optical fibre, and the opposite end of the optical fibre was fed into the cylindri-
cal enclosure shown in figure 5.7 to impinge photons onto the SiPM tile. The
oscilloscope was then externally triggered in synchronization with the LED pulse,
using a RS HMF2550 function generator. For measurements of the dark count
rate without any external light, the oscilloscope was placed in self-trigger mode.

Raw waveforms were saved from the oscilloscope for offline analysis.
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Figure 5.7: The SiPM tile and readout electronics were placed on a hollow plastic
cylinder with the sensor facing inward, for electrical insulation, humidity protection
and optical isolation.

Figure 5.8: The thermally insulated polystyrene box, into which liquid nitrogen
was filled to lower the temperature of the SiPM tile.
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5.4 Measurements and results

5.4.1 Gain

The gain of the SiPM tile is the ratio of electric charge that is collected from the
SiPM tile per photon interaction. The expected gain is in the range of 109 - 106,
[14], and it was first necessary to determine if when the SiPM tile was coupled to
the front-end electronics, it was operating to this expected level of performance in

terms of relative gain and with a linear response.

The oscilloscope was set to acquire 3000 waveforms, each waveform with 1250
samples taken at an interval of 1.6 ns. It was triggered by the function genera-
tor which pulsed the LED that illuminated the SiPM tile. The waveforms were
transferred to a computer, and analysed using the Python SciPy library [36]. An

example of a waveform is shown in figure 5.9, and the superimposed traces from
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Figure 5.9: One waveform acquired from the oscilloscope, showing an output pulse
from the readout electronics.
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all 3000 waveforms is shown in figure 5.10.
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Figure 5.10: 3000 waveforms superimposed, from individual output pulses from
the readout electronics. Distinct photon bands are visible, corresponding to the
number of photons detected per event.

The amplitude of the post-trigger signals is proportional to the number of
photons that were detected. Four discrete photon bands are clearly distinguishable.
These are also displayed in the histogram shown in figure 5.11, where the frequency
of each amplitude is plotted. The first peak at 0.33 mV corresponds to the pedestal,
which gives a measure of the electronic noise when no photons are detected. A

description of how the signal-to-noise ratio was obtained is described in section

5.4.2.
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Figure 5.11: The counts distribution of the highest amplitudes from 3000 wave-

forms. The first peak is the pedestal, corresponding to no photon detections. The

second peak is from single photon detection events, the third peak is from two
photon detections, and so forth.

To determine the gain of the SiPM tile, the waveforms were integrated to find
the total charge collected per trigger event. The charge integrals were then plotted
on a frequency histogram, shown in figure 5.12. The first peak again corresponds
to the pedestal, where no photons were detected. The second peak corresponds
to the detection of one photon, the third peak corresponds to two photons, and
the fourth peak to three photons. The mean values of each are plotted in figure
5.13, as a function of the photon number. The gain follows a Poisson distribution
[37], therefore the uncertainty of each point was found by calculating the standard

deviations.
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Figure 5.12: The charge integral distribution obtained from 3000 waveforms. The

first peak is the pedestal, corresponding to no photon detections. The second

peak is from single photon detection events, the third peak is from two photon
detections, and the fourth peak is from three photon detections.
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The difference between the mean value of the single photon peak and the
double photon peak, Qpp, can be used to give the total gain of the SiPM tile and
amplification board, per photon interaction. The OPA847 Operational amplifier
has a contribution towards the gain of 104 [34], and therefore the gain of the SiPM

tile alone could be found using this relationship:

Qpp

SiPM gain = .1)
qo x Amplifier gain

With this expression, where q( 1s the fundamental charge 1.6x 10719 ¢ , the gain
of the SiPM tile was calculated to be (5.8750 £ 0.0077)x 10°.
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5.4.2 Signal-to-noise ratio and rise time

The baseline noise in the waveform is an intrinsic feature, caused by stochastic
fluctuations. In the peak amplitude distribution histogram shown in figure 5.11,
the pedestal (first peak) corresponds to no photon detections, and is a measure of
the electronic noise. The following Gaussian function was fitted to the pedestal us-

ing the Python SciPy library [36], to obtain the standard deviation of the pedestal:

(x=b)?
f(x)=aexp (- 72—) , (5.2)
where a is the height of the peak, b is the location of the centre of the peak, and

c is its’ standard deviation which controls the width.

The signal-to-noise ratio is defined as the ratio of the distance between the
peak amplitudes of the first photon peak (A1p) and the pedestal (AOp), and the
standard deviation of the pedestal (0(p), using the following expression:

Aq p- Aop
Signal to noise ratio = ——— (5.3)
Oop
The pedestal peak was at 0.33 mV with a width of 0.75 mV. As the single photon
peak was at 5.6 mV, this gave a signal-to-noise ratio of 7.03. The rise time of
the signal was defined to be the time taken to go from 10% to 90% of the peak
amplitude. This was analysed for each waveform. The distribution is shown in

figure 5.14, with the mode rise time found to be at 45 ns.

5.4.3 Dark count rate

The dark count rate was measured by determining the rate of signals from the
SiPM tile, when it had no external light incident upon it. The measurements were

taken at a range of temperatures, from -35°C to -10°C. The oscilloscope was set to

self-trigger mode to collect 3000 waveforms. As the SiPM tile was in darkness, each
recorded event was due to a thermally generated dark count. The total acquisition

time was saved by the oscilloscope.

Analysis of the waveforms was carried out offline, using a peak-finding algo-
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rithm written in Python. The algorithm identified peaks based on a discrimination
threshold of having an amplitude above half the single photon amplitude level (2.8
mV), as is the standardised procedure [15]. An example of the peak-discrimination

output is shown in figure 5.15.

The SiPM tile consisted of 16 SiPMs, each with a sensitive area of 36 mmz.

The dark count rate in Hertz was calculated in terms of sensitive unit area, using

the following expression:

Counts
Dark countrate =

— 5 (5.4)
Acquistion time x (36 mm=< x 16)

The results as a function of temperature are shown in figure 5.16. At -35°C the

dark count rate was 535+23 Hz/mrn2

of 3237+57 Hz/mm? at -10°C.

, and it increased with temperature to a level
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Figure 5.14: The distribution of rise times from 3000 signals, defined as the time
for the signal to go from 10% to 90% of the peak amplitude.
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Figure 5.15: An example of the result from a peak-finding algorithm written in
Python, to identify those which crossed the threshold of half the single photon
amplitude. The red crosses mark the peaks which were identified.
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Figure 5.16: Dark count rate as a function of temperature. The plotted uncertainty
values were found by obtaining the standard deviations.
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Chapter 6

Geant4 simulations of light

collection efficiency

6.1 Determining the number of detected pho-

tons

When an ionising particle interacts with molecules of the Ar:CF4 gas mixture

inside the optical time projection chamber to produce primary scintillation, only
a fraction of the number of photons (Np) that are produced will ultimately be
detected by the SiPM. This can be approximated by the following expression:

Np = Ysc - €SipM - (6.1)

where Ysc is the primary scintillation yield, egjppM is the photon detection effi-
ciency of the SiPM and n is their light collection efficiency.

The primary scintillation yield, Ysc, is the average number of photons pro-
duced per unit of energy deposited by an ionising particle. As discussed in chapter
3, previous studies have reported that ~1400 photons are produced per MeV of
an ionising particle interacting in a gas mixture of Ar:CF4 (99:1). These photons
are mostly produced in the range of 400-750 nm, peaking at 630 nm [5].
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The photon detection efficiency of the SiPMs, £5ipM, can be found for a
particular wavelength of light. For the S14161-6050HS-04 SiPM tile model that is
under study and described in the previous chapter, the manufacture-stated photon
detection efficiency for 630 nm is 25% [33].

It remains to determine the light collection efficiency, n. This parameter
describes how many photons reach the photosensor, from the location where they
were generated. It can be understood by simulating the propagation of photons
through the detector in Geant4, under different conditions.

The light collection efficiency should be maximised, therefore the field cage of
the GATO optical TPC was lined with a reflective layer of PTFE material. Photons
are reflected off the PTFE surface, increasing the probability of them reaching
the SiPMs. The light collection efficiency was simulated under different levels
of PTFE reflectivity. Furthermore, in order to understand the level of coverage
area required by SiPMs in the GATO optical TPC, various positions of where the
photon is initially generated were simulated, to determine how distance effects the

light collection efficiency.

6.2 PTFE reflectivity

PTFE material is a Lambertian (diffuse) reflector [38] — the reflected light dis-
tribution from its surface is the same, regardless of the viewing angle. It follows
Lambert’s Cosine Law, stating that the reflected light intensity is proportional
to the cosine of the angle 6 between the direction of observation and the surface

normal. This is expressed as follows:
I =1y - cos(0), (6.2)

where / is the intensity of reflected light in the direction of observation, / is the

intensity of reflected light in the direction normal to the surface, and 0 is the angle
between the two directions.

The measured reflectivity of PTFE at different photon wavelengths has been
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reported in a study [39], where it was found to be 97-98% for light in the visible
wavelength band, as seen in figure 6.1 where the uncertainties of the reflectance

values are also plotted. Reflectance increases with longer wavelengths of light
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Figure 6.1: The measured reflectivity of a PTFE sample at a range of wavelengths
[39].

due to more internal scattering, as longer wavelengths have a higher penetration
depth into the PTFE.

However, variations as large as 2.7% have been reported within the same
sample of PTFE [40]. Reflectivity can degrade from exposure to ambient light.
Measurements of the reflectivity of the PTFE material within the GATO optical
TPC have not been carried out, hence it was necessary to simulate a range of
reflectance values, to determine the level of impact this has on the light collection

efficiency.
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6.3 Method of modelling the GATO optical TPC

1n Geant4

6.3.1 Geant4 overview

Geant4 [41] is an object-oriented toolkit written in the C++ programming lan-
guage, used to simulate the passage of particles and radiation through matter with
Monte Carlo methods. Within Geant4, a detector can be created with specified
shapes and material properties, and the effects of physics interactions that can
occur within the detector can be applied by adding relevant physics lists, to model
the behaviour of defined particles. The detector geometry and particle tracks can

be visualised in a graphical user interface.

6.3.2 Geometries and material properties

The basic geometry of the GATO optical TPC drift region where primary scin-
tillation is generated and detected was made inside Geant4. In order to model a
detector inside Geant4, volumes are created and placed inside a simulated world
volume. For each volume, the material is specified, which then affects how the
particle interacts with it according to the physical processes documented within
Geant4. The GATO optical TPC was modelled by creating 3 volumes within the
simulated world; the PTFE reflector, the SiPM tile and the gas mixture. An opti-
cal physics list was implemented, and the optical properties of each material were
characterised, as described below.

The PTFE was modelled as a cylinder of length 139 mm, inner diameter 138.5
mm and thickness 10 mm. The centre of the cylinder was placed at the origin,
as can be mapped on a cylindrical coordinate system. The optical properties of
the PTFE were characterised by inputting its refractive index as 1.41 [42] and an
initial reflectivity of 98%.

Two different geometries of SiPM coverages were modelled. The dimensions
of the first were set so they covered the entire photosensor plane at the end of

the PTFE cylinder; circular with a diameter of 138.5 mm and thickness 1.36 mm.
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The dimensions of the second were according to that of the S14161-6050HS-04
model; a square with sides of length 25 mm, but the same thickness as the first
of 1.36 mm. Aside from the shape and dimensions, both SiPM geometries had
identical properties. The SiPMs were placed at one end of the PTFE cylindrical
reflector, with its active surface at an axial distance of 69.8 mm from the centre

of the reflector. The smaller square geometry was placed with its centre at polar

coordinates r=12.5 and 8 =90°, as illustrated in figure 6.2. When the SiPM tile

90°

180°

270°

Figure 6.2: The polar coordinates of where the centre of the smaller SiPM tile
geometry was placed in the Geant4 model was r=12.5 and 6 = 90°.

is installed in the GATO optical TPC, it would be located at an off-centred position
due to it being mounted on the readout board, hence why these coordinates were

set.

Both the PTFE reflector and the SiPMs were placed inside a volume of

Ar:CF4 gas, where light absorption was negligible and the refractive index was
set to 1. The model was visualised in a graphical user interface in Geant4, as can

be seen in figure 6.3.
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6.3.3 Event generation

By generating an event, photons can be propagated through the detector with
preset initial conditions. For each event, 20,000 photons of 630 nm were created,
with a randomised direction. The photons were generated at different positions
along the radial, azimuthal and height (r, 6, z) cylindrical coordinates of the
model. The reflectivity of the PTFE was varied, including a simulation with 0%
reflectance. Tracks could be visualised in the graphical user interface, as seen
in figure 6.4.At the end of each event, an output file was retrieved, which had
recorded the coordinates of where the photons which had reached the SiPMs had
been detected.

Figure 6.3: The two different SIPM coverage geometries that were simulated, vi-
sualised in the Geant4 graphical user interface.
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Figure 6.4: The trajectory of a simulated photon.

6.4 Results

6.4.1 Analytical verification

The intensity of light detected by the SiPMs is a function of the solid angle sub-
tended by the SiPMs at the position of photon generation. To verify the Geant4
simulation model, analytical calculations of the light collection efficiency were

carried out using the formula for a solid angle subtended by a circle [43]:

VA
QO=2m- 1- (6.3)
VR +2z2

( circle )

where the radius, R, of 69.3 mm was used according to that of the large SiPMs

geometry that covered the entire photosensor plane and z was the axial distance

66



to it.

A range of axial distances were calculated, from 9.8 mm to 129.8 mm between
the point where the photons were generated and the surface of the SiPMs, and
the corresponding simulations were ran with a reflectivity of 0%. The analytical

efficiency, €analyt Was calculated using the subtended solid angle:

Q

ganalyt = EX 100% (6.4)

This was compared to the light collection efficiency, n, computed from the simu
lation:
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_ Number of Geant4 detections

(V)
Number of generated photons <100% (6.5)

The standard deviations of the simulated light collection efficiencies were 0 <
0.3%. The efficiencies follow a Binomial distribution, as is outlined in [44]:

o = VNumber of Geant4 detections X 1-n (6.6)

The results of the simulations, as seen in figure 6.5, were in good agreement with

the analytical efficiencies, thus verifying the model.

Thereafter, the reflectivity of the PTFE was updated to 98%, whereby an
increase (from 14.5 £0.1% to 47.8 =0.4%) of 33.3 +0.4% was seen in the efficiency,
when photons were originating from the centre of the cylinder. This difference
was reduced to 28.7+0.4% at the smallest distance between the SiPM and photon
generation point of 9.8 mm , where the photons had a higher probability of reaching
the SiPMs without any reflective surface. When photons were generated at the
furthest axial distance (129.8 mm), the difference in efficiency with and without a
reflective layer was at the lowest point of 19.3+0.3%, as a higher proportion of light
was escaping the far end of the cylinder without being detected. A visualization
of the changing photon hit distributions can be seen in figure 6.6 and the results

are plotted in figure 6.5.

6.4.2 Reflectivity

The reflectivity of the PTFE was varied from 90% to 99% and the corresponding

light collection efficiency was simulated, with photons generated from the centre
of the cylinder. The efficiency increased from 41.5+0.3% (90% PTFE reflectivity)

to 48.6+:0.4% (99% PTFE reflectivity), with a linear increase as shown in figure
6.7.
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Figure 6.5: Light collection efficiency as a function of distance along the central axis
ofthe PTFE cylinder, with 0% and 98% PTFE reflectivity. Analytical efficiencies
calculated from the subtended solid angle are also shown. Error bars calculated
from equation 6.6, assuming a binomial distribution, are smaller than the data
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Figure 6.6: A visualization of the changing photon hit distributions, from the
photons being generated at an increasing axial distance from the large SiPMs

geometry.
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Figure 6.8: A visualization of the changing photon hit distributions on the surface
of the smaller SiPMs geometry, from the photons being generated at different

radial distances
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6.4.3 Initial position of photon

The Geant4 was updated with the dimensions of the Hamamatsu S14161-6050HS-

04 model, of a surface area of 25 mm?

, positioned as illustrated in figure 6.2 .
The simulation was ran with a reflectivity of 98%, to understand the effect the
position where the photon was generated had on the light collection efficiency,
with a reduced active detection surface area. Photons were generated at positions
in increments of 20 mm along the central axis of the model, from 9.8 mm between

the SiPMs and photon generation point up to 129.8 mm. For each axial position,

the radial distances and azimuth angles were varied, including 12.5 mm (6 = 90°),
37.5 mm (6=90°), 37.5 mm (6 =270°) and the central position. A visualisation of
how the photon hit distribution changed can be seen in figure 6.8, and the results

in figure 6.9.

When photons were generated normal to the centre of the SiPMs at the
closest axial distance of 9.8 mm, the efficiency peaked with a value of 21.9+0.3%.
At the furthest axial distance of 129.8 mm, this reduced to 12.5 +0.1%. Here,
the efficiency converged to be between 12.5 +=0.1% to 13.0 £0.1% , regardless of
the radial coordinate, as the light escaping from the cylinder was the predominant
effect. This effect can also be seen when photons were generated at the closest
axial distance (9.8 mm) but the furthest radial position (37.5 mm, 6 = 270°) from
the SiPMs — there was a drop in efficiency of 0.9+0.1% compared to when they
were generated further away at 29.8 mm from the same radial point.
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Chapter 7
Conclusions

The GATO optical TPC was used to demonstrate imaging of alpha particle ioni-
sation tracks in an Ar:CF4 gaseous mixture at 1 bar, using a double thick GEM
stack in GATO for the first time. Future work will increase the pressure to 5 bar,

to see if there is adequate secondary scintillation light at high pressures for optical

imaging, as is a requirement for the ND-GAr detector.

Photosensors in ND-GAr will be used to determine the absolute timing of
neutrino interactions from the primary scintillation signals, therefore the time res-
olution of the photosensor limits how precisely this information can be retrieved.
SiPMs can operate at high pressures and in a magnetic field as is required for ND-
GAr, but they have small sensitive areas and a large-area coverage is needed. If
several SiPMs are installed, then it would be necessary to combine readout chan-
nels, as they cannot be readout individually due to power and space constraints.
Typically, combining readout channels lowers the time resolution due to a higher
capacitance in the front-end electronics. This is seen in one way via a degradation
in the signal-to-noise ratio. A readout electronics board that ganged (combined)
16 readout channels was experimentally tested with the chosen Hamamatsu 25
mm?Z $14161-6050HS-04 model SiPM tile, and the gain was found to be perform-
ing within the manufacture specifications of 10° - 10%. The signal-to-noise ratio
was 7, which is high enough to not limit the time resolution. The dark count
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rate also reduces the time resolution, and so this was measured as a function of
temperature, and found to be ~500 at -35 °C. Active cooling schemes to reduce

the dark count rate to tolerable levels are being investigated.

A PTFE reflector around the GATO TPC field cage was simulated in Geant4,
to assess the primary scintillation light collection efficiency of the Hamamatsu 25
mm? S14161-6050HS-04 model SiPM tile, when it is installed within the GATO
optical TPC. Assuming 98% PTFE reflectivity and a scintillation yield of ~1400
photons/MeV in Ar:CF4 gas [5], up to ~ 77 photon detections per MeV of de-
posited energy can be expected. This was calculated using equation 6.1 and the
efficiency output from the simulated model that has been presented with photons
generated 9.8 mm away from the SiPMs. If the SiPMs area coverage could be
extended to cover the entire photosensor plane by installing multiple SiPM tiles
at the end of the PTFE cylinder, this number would increase to ~250 photon
detections per MeV of deposited energy.
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