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Resumo

DUNE é um dos experimentos mais importantes na area de fisica de neutrinos que pre-
tende estudar questdes em aberto sobre neutrinos, neutrinos de supernovas e decaimento
do proton. O experimento ProtoDUNE-SP é um protoétipo de grande escala do experimento
DUNE instalado no CERN que vem tomando dados desde setembro de 2018. Ambos os ex-
perimentos, DUNE e ProtoDUNE-SP, utilizam a técnica experimental de detec¢do Liquid
Argon Time Projection Chamber (LArTPC). O estudo do presente trabalho teve como foco
a estimativa do comprimento de espalhamento Rayleigh no experimento ProtoDUNE-SP. A
andlise dos dados indica um comprimento de espalhamento Rayleigh de aproximadamente

9772 cm, que coincide com o valor estimado analiticamente.

Palavras-chave: Neutrinos; Contadores de cintilacdes; Argonio liquido.



Abstract

DUNE is one of the most important experiments in the field of neutrino physics aiming to
study open questions about neutrinos, supernova neutrinos, and proton decay. The experi-
ment ProtoDUNE-SP is the large-scale prototype of the DUNE experiment. ProtoDUNE-SP
is installed at CERN and it has been taking data since September 2018. The experimental de-
tection technique used in both DUNE and ProtoDUNE-SP experiments is the Liquid Argon
Time Projection Chamber (LArTPC). The study of the present work focused on estimating
the Rayleigh scattering length in the ProtoDUNE-SP experiment. The analysis of the data
indicates a Rayleigh scattering length of approximately 97 J_’%g cm, which coincides with the

analytically estimated value.

Keywords: Neutrinos; Scintillation counters; Liquid argon.
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Introduction

Neutrinos have always intrigued scientists since they were postulated. At that time, beta
decay measurements did not seem to preserve energy, since the energy of the daughter nu-
cleus and the emitted electron did not sum up the total initial energy. In 1930, Wolfgang Pauli
proposed the existence of a massless and neutral particle that would also be emitted during
the beta decay and would carry the missing energy. This particle, so called neutrino, was first
detected in 1956 and it was responsible for the beginning of a whole new field of studies in
Physics.

Currently, many experiments are built to study neutrinos. The present work has been
carried out in the context of the DUNE (Deep Underground Neutrino Experiment) experi-
ment (Chapter 2), which is one of the most important experiments in the field of neutrino
physics. DUNE is a long-baseline experiment with the near detector located at Fermilab
and the far detector located 1,300 km away at the Sanford Underground Research Facility in
South Dakota (US). DUNE is a project for the construction of the biggest Liquid Argon Time
Projection Chamber ever built, with an active volume of 40 kton, for the study of some of the
open questions about neutrinos (Chapter 1), the eventual detection of neutrinos emitted in
a Supernova explosion in our Galaxy, and of proton decay.

DUNE uses the experimental detection technique called Liquid Argon Time Projection
Chamber (LArTPC), started by ICARUS Collaboration in the 80s and substantially improved
in the last ten years thanks to an extended Research and Development program carried out
by several international collaborations. The operation of this technology relies on the for-
mation and detection of free electrons and scintillation light (Chapter 3), induced by the
passage of an ionizing particle in the active volume. Scintillation light is commonly used
to determine the time ty in which an interaction happened, and this information allows the

complete three-dimensional reconstruction of the event. Moreover, particle identification



INTRODUCTION 20

can be done using a combination of signals coming from scintillation light and free elec-
trons, which is crucial to study neutrino oscillations. Studies have been carried out to de-
terminate the possibility of using light to do calorimetry, which would increase the energy
resolution of the detector.

The proper operation of the LArTPC technology depends on the purity of the liquid ar-
gon. In particular, light might undergo changes due to the presence of impurities in the
active volume of liquid argon. The first possible effect is quenching (Section 3.1.1) and it
consists of a two-body collision between the impurities and excited argon molecules that af-
fects the shape of the light pulse. A second effect is absorption that, in addition to Rayleigh
scattering (Section 3.1.3), decreases the number of photons that reach the light detector.

The shape and the intensity of the light signal can thus be significantly deteriorated by
the presence of impurities in liquid argon. Although liquid argon produces a great amount
of light per energy deposited, the size of the LArTPC, the wavelength of the scintillation light,
and the light scattering in argon itself will decrease the number of detected photons. For in-
stance, it will be hard to detect and to reconstruct events of supernova neutrinos since they
produce low energy particles that are not beam-triggered. A complete understanding of the
relationship between the level of impurities and the light propagation in the active volume
may increase the accuracy of event reconstructions and the optimization of the simulation.
The comprehension of this relation may also contribute to the optimization of light detec-
tion, allowing to establish the detector configuration, efficiency and event threshold.

DUNE launched a major scientific and technological challenge. Studies are nowadays
focused on the optimization of light detection by the reasons listed above, as well as trying
to improve the performance of the detectors in particle tracking from free electrons. For this
reason, all technologies that are intended to be installed in DUNE are currently being tested
in the ProtoDUNE-SP experiment (Chapter 4), which is the large-scale prototype of DUNE,
with a total mass of 770 ton of liquid argon. It is installed at CERN and is taking data since
September 2018. The largest LArTPCs ever built are the ones of ProtoDUNE-SP (770 ton of
liquid argon) and ICARUS (600 ton of liquid argon) experiments which, despite their size and
success, are both much smaller than the proposed chamber for DUNE.

In the present work, a study of the behavior of the detected light as a function of the purity

level of liquid argon in ProtoDUNE-SP was made. Above all, a study of the Rayleigh scattering
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was made in order to obtain the scattering length of the light which has direct implications
on the amount of detected light. For such a study, a set of runs from the beginning of data
taking of the ProtoDUNE-SP experiment (Chapter 5) were chosen to be analyzed (Chapter
6), because they have the highest level of contamination of the whole period of data taking.

To study quenching, a signal model based on studies of liquid argon scintillation light
in combination with the detector response was assumed and compared to the measured
self-triggered pulses of light. To study absorption and Rayleigh scattering, a Monte Carlo
simulation (Section 3.1.3) was developed to estimate the Rayleigh scattering length neces-
sary to recover the number of detected photons for beam data for two different impurity
concentrations.

Although liquid argon has been used in experiments designed to detect ionizing par-
ticles, there are several open questions regarding the detector performance. One of these
questions regards Rayleigh scattering since event reconstruction depends on the location of
the event. For such, the light scattering presents a potential design constraint. The attenu-
ation of the light can be caused by the absorption of light by impurities and Rayleigh scat-
tering. An increase in the amount of detected light is expected for large scattering lengths.
However, for smaller lengths, a decrease in the amount of light is expected, and higher de-

tection efficiency would be necessary.
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Chapter 1
Introduction to the DUNE’s Physics Goals

1.1. The neutrino postulate

In the early 20th century, the observation of the beta decay led to questioning about one
of the main laws of physics: the energy conservation law. Originally, the beta decay was
thought to be the decay of a nucleus into a lighter nucleus with the emission of an electron.

In the center of mass of the decaying nucleus, the electron energy can be written as

E= (1.1.1)

2m1

2 92, 9
my m2+me)cz

where E is the electron energy, m; is the mass of the decaying particle, m, is the mass of
the daughter and m, the mass of the electron. Therefore, the energy of the emitted electron
should be constant. However, James Chadwick, while studying the beta decay, measured a
continuous energy distribution for the electron, which apparently violates the conservation
of energy, one of the strongest laws in physics. To save this law, in 1930, Wolfgang Pauli
proposed the existence of a massless and neutral particle that would also be emitted during
the beta decay and would carry the missing energy. Enrico Fermi was the first one to call
this particle neutrino. In 1956, the Cowan-Reines neutrino experiment measured the first
neutrinos from a beta decay, proving Pauli’s prediction. This discovery resulted in the Nobel
Prize in 1995 for Frederick Reines.

In 1960, John Bahcall, using the Standard Solar Model [1, 2], made the first calculation of
the expected neutrino flux coming from the Sun, and in 1968, alongside with the astrophysi-
cist Raymond Davis, John Bahcall headed the Homestake experiment [3] in South Dakota to

try to confirm his predictions. The idea was to measure the solar electron neutrinos each
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captured by a chlorine-37 nucleus and resulting in an argon atom plus an electron,

CP¥ +v,— Ar¥ +e™. (1.1.2)

Therefore, by counting the number of argon atoms formed, it would be possible to deter-
mine the number of captured neutrinos. This experiment was the first one to successfully
detect and count solar neutrinos. Unfortunately, the number of detected solar neutrinos
was around 1/3 of the predicted. The discrepancy between the observed fluxes and the cal-
culations is known as the solar neutrino problem.

This discrepancy could be explained by one of the Pontecorvo’s [4] hypothesis that neu-
trinos could oscillate in flavor’. This oscillation means that the electron neutrino produced
in the core of the Sun could change its flavor during its way to Earth, decreasing the electron
neutrino flux and increasing the fluxes of neutrinos of other flavors. The Sudbury Neutrino
Observatory (SNO) experiment (1984) was an attempt to provide a definitive answer to the
solar neutrino problem. This experiment used a chamber of heavy water containing deu-
terium (D,0) which allowed the measurement of two separate reactions on deuteron (d): a

charged current (CC) reaction that was sensitive only to electron neutrinos,

Ve+d—p+p+e, (1.1.3)

and a neutral current (NC) reaction that was equally sensitive to all neutrino types,
Vi+d—n+p+vy. (1.1.4)

Finally, neutrino flux measurements were in agreement with the calculations. The to-
tal flux of all neutrino flavors measured by the SNO experiment agreed with the theoretical
prediction made by Bahcall.

The confirmation of the neutrino flavor oscillations led to a new neutrino physics era.
Many experiments started to study neutrinos more closely, exploring different energy ranges,

decay channels and neutrinos sources. A few recent experiments are:

¢ Neutrinos from accelerators: MiniBooNE (2002), MINOS (2005), OPERA (2008), MINERvVA
(2009), ICARUS (2010), NOvA (2011), MicroBooNE (2014), DUNE (future);

e Neutrinos from nuclear reactors: Daya Bay (2011), and Double Chooz (2011);

IThere are three neutrino flavors: electron neutrino (ve), muon neutrino (v,), and tau neutrino (v;).
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¢ Neutrinos from outer space: Kamiokande (1986), LVD (2005), IceCube (2006), Borecino
(2007), JUNO (2014).

This dissertation is embedded in the context of the Deep Underground Neutrino Experi-
ment (DUNE) (see chapter 2). This experiment is part of the Long Baseline Neutrino Exper-
iment (LBNE) in the United States. The far detector is going to be the biggest liquid argon
detector ever built, with a total volume of 40-kton of liquid argon located at the Sanford Un-
derground Research Facility (SURF). The primary science goals include measurements of
the charge parity (CP) phase, determination of the neutrino mass ordering, measurement of
the mixing angle 0,3, determination of the octant in which this angle lies, studies of super-
novae neutrinos, and search for a proton decay. Answering these questions could lead us to

complete the missing information to confirm or not the big bang theory.

1.2. Matter-antimatter asymmetry

The big bang theory is a model that describes the development of the universe from the
beginning. This model offers a satisfactory explanation for experimental observations such
as the composition of the universe, the existence of the cosmic microwave background, the
average temperature of ~ 2.8K and its expansion. The missing piece of the puzzle is that all
of these arguments presuppose the existence of an equal amount of matter and antimatter
at the beginning of the universe. But experimental evidence shows that we live in a matter-
dominated universe, and no experimental observation shows any concentration of antimat-
ter in the observable universe. Therefore, something might have generated this asymmetry
between matter and antimatter, which is known as baryogenesis.

In 1967, Andrei Sakharov proposed three necessary conditions, known as Sakharov con-

ditions, to explain the different rate between matter and antimatter in the universe:

1. Interactions out of thermal equilibrium,
2. CP violation, and

3. Baryon number violation.

Since then, particle physics experiments have been trying to measure these variables. In

particular, the physics goals of the DUNE include measurements that could contribute to
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the ascertainment of at least two of the Sakharov conditions:

1. CP violation: by measuring the 6 cp phase and

2. Baryon number violation: by trying to measure the proton decay.

The next two sections provide a brief context of the physics that DUNE will study, and

therefore, a complete derivation is not provided.

1.3. CP violation

In the standard theory of neutrino oscillations [5, 6, 7] a neutrino with flavor / created in
a charged-current weak interaction process from a charged lepton, is described by the flavor

state
3
vy =3 Ujlvi)  l=ept (1.3.1)
j

that can be written in matrix form as

Ve Uei Uep Ueg|[W1
Vﬂ = U/Jl Uyz U'ug Vo (1.3.2)
Vi Unn U Ugs|l\vs

where |v;) are the flavor states, |v ]-> are the mass states and Uj; is the mixing matrix, also

known as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, defined as

—id ia
c12€13 §12€13 size” Pl e 0 0
_ i6 i6 i
U=|-s12¢3—C12523513€"°?  €12C03 — S12523523€"°7 $23C13 0o eP ol 133
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where s;; = sin6;, ¢;j = cos0;}, 0;; are the mixing angles, and é cp is the CP complex phase.
Here, @ and f are the so-called Majorana phases that are decoupled from the phenomenon
of neutrino oscillation. This unitary matrix contains information about the mismatch of
quantum states of neutrinos when they propagate through matter.

Usually, experiments that aim to study neutrino oscillation consist of a long baseline

with a near and a far detector. The near detector, usually a few hundred meters away from
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the neutrino source, measures the initial neutrino flux. The far detector, whose distance
depends on the energy to be studied?, measures the final flux of neutrinos. Therefore, by
measuring the difference between the initial and the final fluxes, one can calculate the prob-
ability of oscillation between two flavor eigenstates, v; — vy.

As mentioned before, a neutrino can be described as a quantum state composed of a

superposition of mass eigenstates with a wavefunction |'W(0)) at the time ¢ =0 of

3
IW(0)) = [v;(0)) = ) Uj;Ivi), (1.3.4)
i=1

and its time evolution corresponds to

V() = e v (0)). (1.3.5)

Since |v;) is not an eigenstate of the Hamiltonian, it is easier to calculate the time evolution
using the mass eigenstates since |v;) is eigenstate of the Hamiltonian, and H|v;) = E;|v;).
Using the mass eigenstates, Equation 1.3.5 becomes
3 . 3 .
Vi) =) e MU vy =y e F U vy, (1.3.6)
i=1 i=1
that can be written in terms of the flavor states as
3.3 _p
Vi) =) Y e "HitUg U} |vp), (1.3.7)
p=1i=1
where f sums over the flavor states. So, starting from state |v;), the probability of observing
a neutrino flavor state |vg) after time ¢ is given by

P(v;— vp) = [wplvi ()]
2

'Mw

iE; t
~tUR U (1.3.8)

l:
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The relativistic energy of neutrinos can be written as E = p + (m?/2p) considering their

small mass and high momentum. Since all neutrino mass states i are produced coherently,

2As shown in the Eq.1.3.10, the oscillation probability depends on L/E, where L is the distance between the
near and the far detector and E is the neutrino energy.
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their momenta p are the same, and because neutrinos are relativistic, their energy can be

written as E = pc = pL/t, and Equation 1.3.8 can be written as

3 3 L2
P —vp) =Y Y UjiUiUpiUS e 587, (1.3.9)
i=1j=1

2

where Am‘?‘j =m; - m? (m; ; are the masses of the mass eigenstates). Another way to write

this equation is:

P.=0815-4 Y Re(UpUj; Uy U Jsin® | —
i>]

(1.3.10)

+2Y" 1m(UpiUp,; Uy U sin® | —

i>j
where E is the neutrino energy, L is the distance traveled by the neutrino, P_ = P(v; — \'/ﬁ)
and P, = P (v; — vg) are the oscillation probabilities for antineutrinos and neutrinos respec-
tively. The CP violation can be understood as the measurement of how different particles and
antiparticles are, and one way to do this measurement is to see the difference of the oscilla-

tion probabilities between neutrinos and antineutrinos [8], given by
AP=P(v;—vg)—P(v;— Vvg) = —16]1sinA12sinAp3sinAgy, (1.3.11)
where A;j = Am?jL/4E and

]lﬁ = Im(UllUl*ZUEZUﬁZ) = i], J= 512C12823023513053 Sin5cp, (1.3.12)

which makes it explicit how the measurement of dp can provide information about the
relation between matter and antimatter since AP « sind¢p.

Another important point to highlight is that the oscillation probability, Equation 1.3.10,
depends on the difference of squared masses of the initial and the final flavor eigenstates,

Am?

initial final- 11€T€fOTE, it is not possible to measure the absolute mass by measuring neu-

trino oscillations.

1.4. Proton decay

An effective way to study baryonic number violation is through the proton decay [9].

Baryons are those particles made by three quarks. The most famous baryons are protons and
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neutrons, see Table 1.1. The baryon decay occurs frequently in nature. An example of baryon

decay is the beta decay shown below

n—p+e +v, (1.4.1)

that satisfies baryonic number and energy conservation. Since the proton is the lightest
baryon, it can not decay into another baryon while conserving both energy and baryonic
number. Therefore, an observation of proton decay would mean an evidence of baryonic

number violation.

Table 1.1: Proton and neutron information (Ref. [7]).

Particle Name Composition  Rest Mass (MeV/c?)
Proton uud 938.272081 + 0.000006
Neutron udd 939.565413 + 0.000006

The lowest limit of proton lifetime of 103* years was measured by the Super-Kamiokande
experiment during 10 years of data acquisition. In other words, it means that none of the
7.5x10% protons present in the experiment’s fiducial volume decayed during the data taking.
The proton lifetime is extremely long when compared to the age of the universe, which is
estimated to be approximately 138 x 108 years.

In addition, the Standard Model of Particle Physics predicts the conservation of the bary-
onic number. Thus, the observation of proton decay would be an evidence of physics beyond

the Standard Model.

1.5. Neutrino from supernovae

In the context of cosmology, DUNE proposes to study neutrinos stemming from the col-
lapse of supernovae. Stars form because a large enough cloud of particles is unstable under
gravity. The cloud contracts and more than 99% of its gravitational binding energy is released
as neutrinos. The most important processes in supernova and proton neutron star matter
are described in [10]. During the explosion, more neutrinos are produced than the number
released in the rest of the star’s life combined. Experiments are constantly looking for this
sudden increase in the number of neutrinos, which might indicate the occurrence of a su-

pernova. In particular, the improvement of the light detection system, such as the ARAPUCA
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device (see Section 4.2.1) seeks to provide better conditions for the detection of the signal

generated by these neutrinos, typically in the few to few tens of MeV regime.
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Chapter 2
The DUNE experiment

2.1. Introduction

DUNE [11] is an international project hosted by the Fermi National Accelerator Labo-
ratory (Fermilab) and will be part of the LBNE at this laboratory. DUNE aims to provide
information for our understanding of the universe by studying neutrinos, one of the most
mysterious elementary particles we know. The physics goals of the DUNE experiments are

as following:

1. Use v, and v, beams from Fermilab to study neutrino oscillations. This program in-
cludes measurements of the CP phase, determinations of the neutrino mass order-
ing (the sign of Amj3, = m3 — m,), measurement of the missing angle 5,3 and the de-
termination of the octant in which this angle lies, and the test of the three-neutrino

paradigm’.

2. Search for proton decay in several important decay modes. The observation of pro-
ton decay would represent a ground-breaking discovery in physics, providing a key

requirement for grand unification of the forces.

3. Detect and measure the v, flux from a core-collapse supernova within our galaxy. Such
a measurement would provide a wealth of unique information about the early stages

of the core-collapse, and could even indicate the birth of a black hole.

Not all of the neutrino data are successfully described by the standard three-neutrino paradigm. However,
there are hints, coming from a variety of sources, that nature may contain more than three neutrino mass
eigenstates [12].
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Neutrinos are the second most abundant particle in the universe, ~ 300v/cm?®. Despite
their abundance, since their cross section is small, it is difficult to detect them. For this
reason, large detectors and an intense neutrino flux are needed in order to increase the in-
teraction probability. DUNE will satisfy both these conditions.

The experiment will consist of two detectors. The near one will be located at Fermilab,
575 m away from the neutrino source, and will be responsible for measuring the intensity
and the energy spectrum of the beam. The far detector will be located at SURF in South
Dakota and will be 1.5 km underground and 1,300 km (800 miles) away from Fermilab, Figure
2.1.1.

Sanford
Underground
Research »
Facility ==

Fermilab

Figure 2.1.1: Scheme of the locations of the near and far detectors for the DUNE experiment.
The near detector is going to be located at Fermilab, and the far detector is going to be lo-
cated in the Sanford Underground Research Facility in South Dakota [11].

The far detector is going to be a very large, modular Liquid Argon Time Projection Cham-
ber (LArTPC), see Section 2.2, with a 40 kton fiducial mass. Each one of the four modules,
Figure 2.1.2, will be 14 m (width) x 14.1 m (height) x 62.0 m (length). Fermilab will shoot
the most intense v, and v, beam in the world to study neutrino oscillations, with a 80 GeV

primary proton beam and a beam power up to 1.2 MW.

Figure 2.1.2: Underground caverns for DUNE’s far detectors at SURE in South Dakota [11].
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DUNE is planning on having two kinds of LArTPCs:

e The single-phase (SP) [13] is a chamber filled with pure liquid argon. This technology
was started by the ICARUS Collaboration in the 1980s and was substantially improved
in the last ten years thanks to an extended Research and Development (R&D) pro-
gram carried out by several international collaborations (MicroBooNE, SBND, LArIAT,
...). The charge produced by the passage of an ionizing particle is drifted horizontally
through a homogeneous liquid argon medium until its capture by a wire plane.

e The dual-phase (DP) [14] is going to be a chamber filled with liquid and gaseous argon.
Due to matter density, gaseous argon occupies the top half of the chamber, and liquid
argon the bottom one. The Large Electron Multiplier dividing the gaseous and the
liquid mediums, see Figure 2.1.3 (left), will cause a signal amplification that will allow
the ability to search for neutrinos signatures in a new way. This technology is not yet

as well studied as the SP one.

An example of the pattern captured by the wire planes in the SP is given in Figure 2.1.3
(left) and the DP detection process is outlined in Figure 2.1.3 (right). Both systems are going
to collect electrons and scintillation light. While the SP drifts the electrons horizontally, the

DP drifts them vertically.
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Figure 2.1.3: The single-phase (left) and the dual-phase (right) readout designs [15, 14].

The LArTPC technology was chosen because it allows researchers to record in detail the

particles originating in the collision of neutrinos and atoms of the detector. Many exper-
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iments have proven the excellent spatial and calorimetric resolution of this technology. It

also provides high quality tracking of charged particles trajectories down to low momenta.

2.2. Liquid Argon Time Projection Chamber

First proposed by Carlo Rubbia in 1977 [16], a LArTPC aimed to be a novel neutrino detec-
tor that combines the high resolution of bubble chambers with the massive target character-
istic of electron detectors. Currently, they are one of the most advanced experimental tech-
nologies for physics at the Intensity Frontiers due to their full three-dimensional imaging,
excellent particle identification and precise calorimetric energy resolution. The signature of
an event recorded in the MicroBooNE experiment, that also uses the LArTPC technology, is
shown in Figure 2.2.1. For the purpose of this dissertation, the author is going to focus on the
LArTPC-SP because the data analysis exposed in this work is from the ProtoDUNE-SP data,
see Chapters 4 and 5. ProtoDUNE-SP is an experiment installed at CERN to ensure that all

parts of the technology are well studied and tested.

Figure 2.2.1: Particle event registered by the experiment MicroBooNE, that also uses the
LArTPC technology [17].

The LArTPC technology is the structure that allows reconstructing a three-dimensional
image of interactions that happen inside the detector. This structure is placed inside a cryo-
stat that maintains the low temperature of 89 K for the argon in the liquid phase stable.
Therefore the LArTPC is filled and surrounded by LAr and, for a matter of definition, the
volume of LAr inside the detector is called active volume. The passage of an ionizing particle

is going to produce ionization and scintillation light along the track.
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The basic idea of this technology is to drift the free electrons from an ionizing track to-
wards one wall using a uniform electric field. The charge collection system is made of several
wires placed in different parallel planes, oriented in such a way that the combination of their
signals allows locating at which point of the plane the electron has been detected.

The scintillation light is used to extract the third spacial component of the interaction.
Since the speed of light in liquid argon is much faster than the drift velocity of the electrons?,
light is usually used to determine the time 7, when the interaction happened. By knowing the
time difference between detection of the light and the charge signals, and the drift velocity
of the electrons, it is possible to calculate the distance traveled by the electron perpendicular
to the wire plane. In other words, it is possible to recover the missing spatial component for
the total three-dimensional reconstruction of the interaction.

The choice of the active volume material of the detector deserves special attention. Noble
elements are widely used as active volume since their valence shell is complete, which allows
long electron drifts inside the detector. The elements most commonly used as active volume
of particle detectors are helium, neon, argon, krypton, xenon and water. The properties of

these elements are displayed in Table 2.1.

Table 2.1: Noble liquid elements properties.

He Ne Ar Kr Xe Water
Boiling Point [K] @ 1 atm 4.2 27.1 87.3 120.0 165.0 373
Density [g/cm?| 0.125 1.2 1.4 2.4 3.0 1.0
Radiation Length [cm] 755.2  24.0 14.0 4.9 2.8 36.1
dE/dx [MeV/cm] 0.24 1.4 2.1 3.0 3.8 1.9
Scintillation [y/MeV]| 19,000 30,000 51.300 25,000 42,000
Scintillation A [nm] 80 78 128 150 175

Among all noble elements, the choice of argon as the active medium was made for several
reasons. In particular, liquid argon is dense, it does not attach electrons thus allowing a
high electron mobility, it is abundant in the atmosphere, it is easy to obtain and to purify.
Therefore, liquid argon is the element that presents a good combination of characteristics
for the proper functioning of TPC. In addition to all the qualities of liquid argon, one decisive
factor for its choice as an active medium is its low price. Remember that active volume of

liquid argon in DUNE is 40 kton, therefore, it is important that the material is cheap.

2the speed of light is approximately Viight ~ 108m/s, and the drift velocity of the electrons is approximately
Varife ~ 103m/s [18].
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Chapter 3

Scintillation light in LAr

Liquid argon (LAr) is an abundant scintillator and therefore, it is an excellent material
to be used in neutrino experiments. For example, for an electric field of 500 V/cm, liquid
argon has a light yield of the order of 10* photons per MeV of energy deposited in LAr by
an ionizing particle. In addition, this material has the characteristic of being transparent to
its own scintillation light. Therefore photons can travel long distances in pure liquid argon
without being absorbed. Taking into account that current neutrino detectors are getting
bigger to increase the probability of interaction, liquid argon transparency is an important
feature, since longer drift distances are required.

The passage of charged particles through the volume of liquid argon produces either
excited argon molecules (Ar;‘) or ionized argon molecules (Ar?f ). Both effects can generate
scintillation light in the VUV region (128 nm) due to two processes: recombination and dis-
excitation process, respectively.

The dis-excitation process can be written as

Ary —2Ar+vy, (3.0.1)

and the recombination one as

Arf +e” — Ar** + Ar,
Ar** — Ar* +heat,
(3.0.2)
Ar* + Ar — Ary,

Ary —2Ar +Yy.

Both processes rely on the formation of the excimer’s Ar, lowest excited molecular states
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12; (singlet state) or 32; (triplet state), that decay radiatively into two separated argon atoms

in the ground state 12; and one photon with a wavelength around 128nm (9.7 eV), Fig. 3.0.1.
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Figure 3.0.1: Left: Emission spectrum of liquid argon at 85K (black line) and gaseous argon
at 295K (red line) [19]. Right: The emission spectra of both slow and fast components [20].

The dis-excitation from the '} and >Z} states to the ground state produces two exponen-
tially-decaying components, one with a fast decay constant of a few nanoseconds, 7 (from
12;), and the other with a slower one, 7; (from 3 Z;), of the order of microseconds.

Therefore, the time evolution of the photon emission can be roughly described by the

function

Icint (1) = Isinglet (1) + Iiriplet (1) = Ae™ s + Be™ '™, (3.0.3)

where I(1) is the intensity of the emitted light, and A and B represent the initial intensities of

the fast and slow components respectively.
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3.1. Effects of contamination in liquid argon scintillation

3.1.1. Quenching

The processes in Equation 3.0.3 describe the scintillation process in pure argon, but com-
mercial argon usually presents a fraction of impurity (O,, N2, H,O and CO+CO,) diluted at
< 1ppm level in LAr. This contamination might cause a scintillation quenching, which is
defined as a two-body collision between the argon and the impurities molecules. Taking O»

contamination as an example, the scintillation quenching can be summarized as

Ary + Oy — 2Ar + O,. (3.1.1)

The main consequence of this collision for the scintillation process is the non-radiative
dis-excitation of the excimer. Since both recombination and excitation processes rely on the
decay of Ar;, there will be less scintillation light in case of quenching. Note that the quench-
ing effect is a two-body collision not fast enough to affect the fast scintillation component.
Therefore, mainly the slow component will be affected, as shown in Figure 3.1.2.

The presence of electronegative contaminants affects also the collection of the charge.
The concentration of free electrons, [e™ ], in the active volume can be related to the concen-

tration of impurities, [O2], as follows

die
% = —kelOzlle”] = [e7](n) = [e"1(t =0)e "', (3.1.2)

where the electron lifetime 7, is defined as
1
T_e = k,[0] (3.1.3)
The value of the electron attachment rate constant k, depends on the electric field and
the kind of contamination, Fig. 3.1.1. In ProtoDUNE-SP the electron lifetime is measured
by three purity monitors from the ICARUS T600 detector, and an electric field of 500V/cm is
used during most of the data acquisition.
The ProtoDUNE-SP purification system only filters out oxygen contamination from the
volume of liquid argon. Therefore, it is reasonable to assume that the difference in the life-

time of the electron is mostly caused by the variation in oxygen concentration. In other
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Figure 3.1.1: Electron attachment rate constant in liquid argon for different contamination

types [21].

words, the value of the attachment rate constant at 500V/cm used in Equation 3.1.3 to cal-
culate the oxygen concentration for a given electron lifetime was k, = 8.8 x 101°M 1571 =

3.04ppm s, where M = (mol/L) ! [22].

Table 3.1: Properties and relevant information of the liquid argon scintillation light.

Ar; excited dimer states Singlet '>u", Triplet 3zu*
Decay time constants Tg=6ns,7,=1.6us
Decay y Spectrum (Agcinty = 128 nm
Rate constant @ 500 V/cm for O, ke =3.04ppm s

3.1.2. WArP oxygen contamination test

The effects of oxygen contamination on the liquid argon scintillation light [22] were stud-
ied by the Wimp Argon Programme (WArP) collaboration at the Gran Sasso INFN Laboratory
(LNGS) in Italy, using two detectors and a wide range of O, concentration.

The first detector was a 2.3 L two-phase drift chamber, divided into LAr on the bottom
volume and gaseous argon (GAr) on the upper volume. This detector was used for determin-

ing the behavior of both ionization electron lifetime and the scintillation slow-component
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lifetime during the O, purification process. The free electrons were drifted towards the
liquid-gas interface due to a vertically-oriented 1 kV/cm electric field. The scintillation light
was measured by a set of four 12-stage 3" photomultipliers (PMTs).

Alongside this first prototype, a small dedicated detector, coupled with a system for the
injection of controlled amounts of gaseous oxygen was used to study the scintillation light
for different O, concentrations. This detector was a cylinder (2 = 12cm, @ = 8.5 cm inter-
nal dimensions, wall thickness 0.5cm) with 0.7L of LAr. A single 2" PMT placed on the
open top end of the cell was used to detect the scintillation light induced by y-sources.
Controlled amounts of oxygen were added to the volume of LAr totalling 60 ppb, 300 ppb,
600 ppb, 2 ppm, 5ppm, 10 ppm. The PMT signal was directly read-out by a fast Waveform
Recorder with a sampling time of 1 ns over a full record length of 10 us.

By a fitting procedure of the signal shapes, Figure 3.1.2, the long-lived scintillation life-
time 7, value has been determined. It is possible to notice in Figure 3.1.3 that the behavior
of the long-lived scintillation lifetime is constant for a certain range of concentration, and it

starts to decrease for concentrations greater than approximately 0.1 ppm.

— () ppm
0.6 ppm

— ) ppm

pulse height (A.U.)

1 1 I 1 Rl
300 1000 1500 2000 2500 3000 3500 4000 4500 5000

time (nsec)

Figure 3.1.2: Example of waveforms for 0 ppm, 0.6 ppm and 2 ppm oxygen contamination
[22]. Itis possible to notice that all three scintillation fast-component lifetimes coincide, and
there is less scintillation slow-component light as contamination increases.
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Figure 3.1.3: Slow scintillation light component for different oxygen contamination concen-
trations for the WArP 2.3 L prototype (left) and the small 0.7 L dedicated detector (right) [22].

3.1.3. Rayleigh scattering and absorption

In addition to the quenching effect described in Section 3.1.1, two other effects can be
observed: Rayleigh scattering and absorption. In both cases, the shape of the waveform
does not change since those processes are not sensitive to the origin of the photon. The
consequence of these effects is that the number of photons that arrive to the photosensitive
detector decreases as a whole.

The Rayleigh scattering is an intrinsic property of LAr and it is the process of elastic scat-
tering of light. The wavelength of the light does not change in the scattering process. The
well-known expression for the inverse of the Rayleigh scattering length [r can be found in

Landau and Lifshitz [23]. It can be written in the form

66)2 kT? (ae )2
, (3.1.4)
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where w is the angular frequency of the radiation, c is the velocity of light, k is the Boltzmann
constant, T is the temperature, p is the liquid density, x 7 is the isothermal compressibility,
¢, is the heat capacity at constant volume, and € is the dielectric constant. The calculation
of a Rayleigh scattering length of 90 cm is explicitly derived in the work of G. M. Seidel [24].
Light can also be absorbed by atoms present in the medium while traveling through the
material. As argon does not absorb its own scintillation light, Figure 3.1.4, most of the ab-
sorption effect is due to the presence of impurities. The absorption length /4 is related to the

impurity concentration as follows
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1
— = ka[05] (3.1.5)
la

where k4(02) = 0.034+0.016ppm ™~ 'cm™! [22] is the photo-absorption coefficient.
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Figure 3.1.4: Emission spectra of argon (black), and absorption spectra of argon (red) . The
peaks have been normalized to show the same intensity at the maximum [25, 26, 27].

An accurate value for the Rayleigh scattering length is important to improve simulations.
The fact that detectors are getting bigger makes light travel longer distances before its detec-

tion.
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Chapter 4
The ProtoDUNE-SP experiment

Even though the LArTPC technology has been proven able to meet the Physics goals for
DUNE, it is vital that such a relevant, large and expensive detector works as expected to
achieve its goals. For this reason, a prototyping and testing program is ongoing to ensure
that all parts of the technology are well studied and tested.

The ProtoDUNE experiment [28] is installed at the CERN Neutrino Platform (NP) and will
consist of two detectors: (1) the ProtoDUNE-SP that is the single-phase DUNE Far Detector
prototype and (2) the ProtoDUNE-DP that is the dual-phase DUNE Far Detector prototype.
The latest one is still under construction, while the first one is ready and has been taking data

since September 2018. Data from ProtoDUNE-SP will be studied in the present work.

4.1. Charge detection system in ProtoDUNE-SP.

The ProtoDUNE-SP is a 0.77 kton prototype of the 10 kton SP DUNE module, Figure 4.1.1.
Its LArTPC of 6 m (height) x 7m (width) x 7.2m (length) is placed inside a cryostat that main-
tains the cryogenic temperature of 89 K. A new beamline dedicated to charged-particle tests
was used to enable critical calibration measurements necessary for the calorimetry.

The internal volume is divided into two TPCs. One single Cathode Plane Assembly (CPA)
is placed in the middle of the internal volume, parallel to the beam direction, and provides a
voltage of 180 kV, generating a constant horizontal electric field of 500 V/cm for both TPCs.

The charge readout is performed by the Anode Plane Assembly (APA) located on two of
the external walls of the LArTPC. Each APA has three frames of 6.3 m (height) x 12cm (width)

x 2.3m (length) vertically oriented. Two induction planes (+35.7° w.r.t. the vertical) and one
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hoton Detectors

Bottom Field Cage

Figure 4.1.1: Left: The major components of the ProtoDUNE-SP TPC. Right: View of the
ProtoDUNE-SP wire plane arrangement with two induction layers (green and magenta,
+35.7° w.r.t. the vertical) and one collection plane (blue, +0° w.r.t. the vertical) [28].

collection plane (+0° w.r.t. the vertical) compose the frames, Figure 4.1.1.

4.2, Photon detection system in ProtoDUNE-SP

The LAr scintillation light represents roughly half of the deposited energy in the LArTPC
and is used for the f) determination for non-beam events (fundamental for nucleon decay
studies). Many scientists are studying the possibility of using light to extract more informa-
tion about the event, such as calorimetry. The photodetection system of the ProtoDUNE
experiment is testing three different devices': ARAPUCA (see Section 4.2.1) and two kinds
of light guide bars (see Section 4.2.2 and 4.2.3). Those devices are distributed in six APAs,
three in each TPC. The Photon Detection System (PDS) is installed inside an Anode Plane
Assembly (APA). As shown in Figure 4.1.1, there are three APAs installed in each TPC. The

APA identification system used in this work follows the diagram below:

IThose devices are in the context of the experiment DUNE, since they fit within the limited space of a few
centimeters intended for the installation of the light detection system, unlike traditional PMTs.
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Table 4.1: APA identification system according to the DAQ channels. The particle beam en-
ters the TPC on the left side of APA 3, which means that APA 4, APA 5 and APA 6 cannot see the
beam signals due to the presence of the cathode dividing the two TPCs. Note that RaS(DaS)

stands for Rack Side(DAQ Side) of the TPC.

APA 5 (USDaS)

APA 6 (MSDaS)

APA 4 (DSDaS)

Dip-Coated (ch 216-219)
Double-Shifted (ch 220-223)
Dip-Coated (ch 224-227)
Double-Shifted (ch 228-231)
Dip-Coated (ch 192-195)
Double-Shifted (ch 232-235)
Dip-Coated (ch 196-199)
Double-Shifted (ch 200-203)
Dip-Coated (ch 236-239)
Double-Shifted (ch 204-207)

Dip-Coated (ch 240-243)
Double-Shifted (ch 244-247)
Dip-Coated (ch 248-251)
Double-Shifted (ch 252-255)
Dip-Coated (ch 256-259)
ARAPUCA (ch 264-275)
Dip-Coated (ch 260-263)
Double-Shifted (ch 276-279)
Dip-Coated (ch 280-283)
Double-Shifted (ch 284-287)

Dip-Coated (ch 144-147)
Double-Shifted (ch 148-151)
Dip-Coated (ch 152-155)
Double-Shifted (ch 156-159)
Dip-Coated (ch 160-163)
Double-Shifted (ch 164-167)
Dip-Coated (ch 168-171)
Double-Shifted (ch 172-175)
Double-Shifted (ch 176-179)
Double-Shifted (ch 180-183)

Cathode Plane Assembly

APA 3 (USRaS)

APA 2 (MSRaS)

APA 1 (DSRaS)

Double-Shifted (ch 96-99)
Dip-Coated (ch 100-103)
Double-Shifted (ch 104-107)
ARAPUCA (ch 132-143)
Double-Shifted (ch 108-111)
Dip-Coated (ch 112-115)
Double-Shifted (ch 116-119)
Dip-Coated (ch 120-123)
Double-Shifted (ch 124-127)
Dip-Coated (ch 128-131)

Double-Shifted (ch 48-51)
Dip-Coated (ch 52-55)
Double-Shifted (ch 56-59)
Dip-Coated (ch 60-63)
Double-Shifted (ch 64-67)
Dip-Coated (ch 68-71)
Double-Shifted (ch 72-75)
Dip-Coated (ch 76-79)
Double-Shifted (ch 80-83)
Dip-Coated (ch 84-87)

Double-Shifted (ch 0-3)
Dip-Coated (ch 4-7)
Double-Shifted (ch 8-11)
Dip-Coated (ch 12-15)
Double-Shifted (ch 16-19)
Dip-Coated (ch 20-23)
Double-Shifted (ch 24-17)
Dip-Coated (ch 28-31)
Double-Shifted (ch 32-35)
Dip-Coated (ch 36-39)

4.2.1. ARAPUCA

ARAPUCA (Argon R&D Advanced Program at UniCAmp) [29] is a new device for the de-

tection of the scintillation light of liquid argon (128 nm wavelength in the VUV?). This device
is a box made of very high reflective internal walls. One of the walls is an acceptance win-
dow, through which the light enters the device. The combination of a dichroic filter and two
wavelength shifters (deposited on the two faces of the filter) for the acceptance window trap
the photons. The trapped photons are reflected by the internal surfaces of the device until
their detection by a Silicon Photomultiplier (SiPM) located on one side wall.

A dichroic filter with a cutoff of 400 nm (A.yoff = 400 nm) has been used for the accep-

2Vacuum Ultra Violet.
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tance window. It means that the filter is transparent (transparency > 95%) to light with wave-
length below A¢yoff, and reflective (reflectivity > 98%) to light with wavelength above Acytofs-
Both wavelength shifters were wisely chosen to create a photon trap. p-Therphenyl (PTP)
was deposited on the outer surface (Soyter), and Tetraphenyl Butadiene (TPB) on the inner
surface. This configuration allows the device to trap the light since the shifters’ emission
wavelength obey Aptp < Acytoff < AtpB, Fig. 4.2.1. In other words, the light emitted by the
first shifter, PTP will pass the filter, while the light emitted by the second shifter, TPB, will be

reflected by it.

100 ‘

—_— N
@m—pverage Polarization
90 |l %
Vv ——S-Polarization
80 30 I

325 345 365 385 405 425 445 465 485 325 345 365 385 405 425 445 465 485
Wavelength (nm) Wavelength (nm)

Figure 4.2.1: Dichroic filter transmission (left) and reflection (right) [30].

The scintillation light travels through the volume of liquid argon and first interacts with
the outer shifter PTP. Its wavelength is converted from 128 nm to 350 nm. Because PTP’s
emission wavelength is below the A.off, the emitted light passes the filter and interacts with
the second shifter TPB. Now the light wavelength is converted from 350 nm to 430 nm, which
is above Aqytoff, and therefore light is reflected back into the box.

This device has been installed and tested in many different experiments. The configura-
tion installed in ProtoDUNE-SP consists of two arrays composed of sixteen ARAPUCA cells,
Figure 4.2.2, each cell with dimensions of 8 cm x 10 cm. The readout system is made using
a SiPM with active dimensions 0.6 cm x 0.6 cm. Half of the cells have 12 SiPMs installed on
the bottom side of the cell and half have six SiPMs, which corresponds respectively to a total
active dimension of 5.6% and 2.8% of the area of the window (7.8 cm x 9.8 cm).

Each set of 12 SiPM is associated to one readout channel, which means that ARAPUCAs
with 12 SiPMs are connected to one channel individually, and two ARAPUCAs with six SiPMs

each are connected in parallel to one channel.
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Figure 4.2.2: ARAPUCA array in ProtoDUNE-SP [13].

4.2.2. Dip-coated light guides

The dip-coated light guides, Figure 4.2.3, have a mechanism very similar to an optical
fiber. To make it possible to detect the light, the VUV scintillation light is wavelength-shifted
to ~ 430 nm due to a layer of TPB coated on the surface of the bar. Total internal reflections

guide the wavelength-shifted light towards the array of SiPM installed at one edge of the bar.

....... oo -
..... \ 128 nm LAr scintillation light

~430 nm shifted light (in surface)/

Figure 4.2.3: Schematic of scintillation light detection with dip-coated light guide bars (Ref.
[13]).

4.2.3. Double-shift light guides

Similarly to the dip-coated light guides, Figure 4.2.4, the double-shift ones guide the light
through total internal reflections towards an array of SiPM installed at one edge of the bar.
The difference is that light is wavelength-shifted twice, and this mechanism has been im-
plemented to decrease the impact of the coating on the total internal reflection efficiency,
which is a problem for the dip-coated light guides.

A spray-coating layer of TPB on the outer surface of the acrylic bar wavelength-shifts

the VUV scintillation light to ~ 430 nm. The second wavelength-shift is caused by 12 layers
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Figure 4.2.4: Schematic of the double-shift light guide concept [13].

of polystyrene bars doped with the EJ-280 wavelength shifter, whose absorption spectrum
matches the TPB emission spectrum, and remits the absorbed light to a wavelength of ~ 490
nm.

A comparison of the properties of the light detection devices is displayed on the table

below:

Table 4.2: Information about the optical properties of each light detection device installed
in the ProtoDUNE-SP experiment. Hamamatsu (HMM) and Sense Light (SensL) SiPMs were
used.

Device Light Trapping Light Detection
ARAPUCA PTP + dichroic filter + TPB HMM SiPM
Dip-coated light guide TPB HMM SiPM
Double-coated light guide TPB + EJ-280 SensL SiPM

The dimensions of the bars are 209.3 cm x 8.47 cm x 0.60 cm.

4.3. Silicon photomultiplier

All three light detectors in the ProtoDUNE experiment use silicon photomultipliers to de-
tect light. As well as the traditional photomultipliers, SiPMs are responsible for transforming
the incident light signal into an electronic signal.

A SiPM consist of an array of multiple single avalanche photodiodes operated in Geiger
mode. Each component or pixel produces a pulse of constant amplitude regardless of the
number of incoming photons. All pixels are connected to the same output channel providing
a total output signal equal to the sum of those from the individual pixels. There is a probabil-
ity that an avalanche caused by an incident photon in a pixel can trigger neighboring pixels,
resulting in an artificial increase in signal [31]. This effect is called crosstalk.

A second possible effect is called afterpulse. An afterpulse happens during an avalanche,

when carriers can become trapped in defects in the silicon, being released only after a period
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of time resulting in a delayed pulse [32].

4.4, Calibration

The calibration is an essential step for a detector because it associates the readout signal
with the incoming information. In particular, the calibration of the photon detection system
consists of finding the signal generated by the detection of a single photon by the light sensi-
tive devices. More specifically, the calibration consists of calculating the area® of the pulse®
generated by this detected photon.

A careful study of single photon pulses was done. This study used light coming from a
LED configured to generate few photons at a time”. Each waveform consists of a set of 2,000
ticks distant 6.67 ns from each other, a total information window of 13.3 us.

A process of smoothing was performed twice on each waveform before the integral cal-
culation. First a moving average was done using the eight ticks adjacent to each tick (four on
each side). Moving average is a process that calculates the average value of subsets within
the full data set, in this case, four on each side. A moving average of M adjacent points can

be generalized as

M
J(xn) = Y y(xn+i)- 4.4.1)
i=—M
The value of M must be updated for each point since the number of adjacent points varies
as follows. Considering a set of N points, M follows as

Points ‘ Xp X1 X2 X3 X4 X5 Xg -+ XN-5 XN-4 XN-3 XN-2 XN-1
M |0 1 2 3 4 4 4 -~ 4 3 2 1 0

Second, a total variation denoising algorithm [34] was used to decrease the noise in the sig-
nal. Given a noisy signal, y = (y[1], ..., y¥[N]), the denoised signal, Yjen = (Vaenl1l, ..., Vaen[N]),
is defined implicitly as the solution to the minimization problem
1N N-1
mi;leiugmz 2 ; V1K) = Yaen[KI1* + A kgl |Yaenlk + 11 = yaenlK]| (4.4.2)

for some regularization parameter A = 0. The final denoised signal is shown in Figure 4.4.1.

3This area is also called charge.
“This pulse is also called waveform.
°This set of data is called DUNE Calibration Module (DCM) data run [33]



4.4. CALIBRATION 49

25

n
o

o
IHI|IIII|II|I|HII

—_
o

ADC counts
(4]

(=}

L
o (4]
(113

OMTTTTTTT

A R BNV B BV BN SN S S B S
200 400 600 800 1000 1200 1400 1600 1800 2000

Ticks

Figure 4.4.1: An example of the smoothing process, in which it is possible to see the raw data
(black line) and the smoothed one (red line), using the combination of the moving average
and the total variation denoising algorithm.

Two windows were mainly used for the calibration process. First, the [0:1000] ticks were
used to evaluate the baseline, second, the [1000:1500] ticks were used to calculate the integral
of the signal.

The SiPM used in ARAPUCA device has a linear behavior, which means that the integral of
the pulse of n photoelectrons (cells) is n times the integral of the pulse of one photoelectron
(cell). This behavior is evident when the integrals are displayed in a histogram, see Figure
4.4.2.

The first peak of Figure 4.4.2 represents the baseline, resulting from the integration of
empty waveforms, while the others represent the integral of n = 1,2,3... photons. The center
value of each peak was obtained from the fit of a Gaussian. For a matter of nomenclature,
from now on the integral for one photoelectron is going to be referenced as SPEjntegral-

From the histogram in Figure 4.4.2, it is possible to recover the integral of a signal gener-
ated by one photoelectron. However, the total integral measured for N detected photons is
greater than N x SPEjegral due to the crosstalk and afterpulse effects. So corrections have
to be made taking into account crosstalk and afterpulse effects. In DCM runs, photons are
emitted by a LED. Assuming that the emission of these photons follows a Poisson distribu-
tion, the probability of having n photons is given by

Alteh

P(n) =
n!

) (4.4.3)
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Figure 4.4.2: Histogram of the integral of the signal for channel 264. The first peak cen-
tered in zero represents the integral of empty waveforms, in other words, it is the baseline
peak. The consecutive equally-spaced peaks represent the integrals of the multiple integers
of photoelectrons (p.e.).

where A

(4.4.4)

A=-in 2]

Ntotal
is the rate parameter and represents the average number of photons per waveform, n(0) is
the expected number of events when zero photons are detected, and 7, is the total num-

ber of events. So, the ratio between the total measured charge and the total expected charge

<Q>
Qmeasured _ Q = e (4.4.5)
Qexpected A x SPEintegral

represents the crosstalk rate, where nq¢ = 1 in the absence of the crosstalk effect, and neg > 1
otherwise. In other words, on average a signal of ng photons is being detected per incident

photon, and for this reason it is reasonable to use

<Q>
Qcorrected = 1 = Neff X SPEintegral (4.4.6)
as the charge generated by each detected photon. The final calibration with and without the

corrections are shown in Table 4.3.
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Table 4.3: Calibration for the ARAPUCA channels on the APA 3. The calibration is given in
ADCxticks and the calibration with correction takes into account crosstalks.

DAQ Channel Calibration (Ist peak) neg  Calibration (w/ correction)

132 782+7 1.479 1157+ 10
133 75015 1.437 1078 £7
134 780+ 6 1.415 1104+8
135 783+ 10 1.445 1131+ 14
136 8127 1.472 1196+ 10
137 665+ 1 1.313 873+1

138 73710 1.435 1057+ 14
139 631+2 1.378 869+3

140 67310 1.263 85013
141 628+9 1.277 802+11
142 790+ 13 1.178 930+ 15
143 798 + 14 1.273 1016+ 18

By knowing the signal generated by a single detected photon, it is possible to calculate
the total number of incident photons at each light detector for an event inside the TPC. The
total number of incident photons is calculated dividing the area of the signal pulse for one
event by the calibration (with correction) value for each detector. This precise proceeding
was used in Section 6.2 to calculate the total number of incident photons at the ARAPUCA

module for an electron beam of 0.5 GeV entering the TPC.
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Chapter 5

Data Selection

5.1. Data acquisition

The process of data acquisition in the ProtoDUNE-SP experiment can be mainly charac-
terized as physics run or as cosmic run. For the sake of nomenclature, physics run refers to
the set of data taken in the presence of the particle beam, whereas cosmic run refers to the
set of data taken in the absence of the particle beam.

For both physics and cosmic runs, a combination of self-triggered (also called inter-
nal trigger) and externally triggered events make up the Photon Detection System (PDS)
data. The external trigger for physics runs comes from the beam instrumentation that pro-
vides a trigger signal every time there is a particle entering the TPC. The external trigger
for cosmic runs comes from the Cosmic Run Tagger (CRT). The CRT is made up of seg-
mented scintillator-strip modules, vertically installed perpendicularly to the beam direction,
as shown in Figure 5.1.1. The segmentation allows identifying the points in which the parti-
cle crossed the module and reconstructing the trajectory by combining the points.

On the other hand, the self-triggered events are the same for both physics and cosmic
runs. The self-triggered data are induced by cosmic rays, and only waveforms with an am-
plitude greater than a specific threshold are captured.

Regardless of the trigger type, the un-amplified analog signals from the SiPMs are trans-
mitted directly to outside the cryostat and read by a module called SiPM Signal Processor
(SSP). Once there is an external trigger, a waveform is saved. At the same time, a waveform
is saved for every internal trigger that occurs within a data acquisition window of 2.75ms

around the time of the external trigger. The self-triggered signals can be used to estimate the
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Figure 5.1.1: Cosmic Run Tagger design for ProtoDUNE-SP. The position of the modules al-
lows identifying events from cosmic rays parallel to the beam [28].

background for the external trigger event. The time frame of the data collection is shown in

Figure 5.1.2.

-250 us +2.5ms

I Data Collection Window I

External Trigger (Inside SSP)

—
13.3 us
Internal Triggers (Inside SSP)
— — — —
13.3 us 13.3us 13.3us 13.3us 13.3 us

Figure 5.1.2: Scheme of the photon detection system for data collection after an external
trigger.

5.2. Internal Trigger

Since the internal trigger only saves the data above a certain threshold, one should always
be careful when analyzing those data. This section aims to show that the internal trigger adds
a bias to the self-triggered data of the ProtoDUNE-SP experiment. In other words, the data

collected from the internal trigger does not represent the total set of data.
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The histograms in Figure 5.2.1 show the charge spectrum’ collected for runs with a con-
stant threshold of 200 ADC, see Table 5.1. One can notice that the threshold abruptly cuts the
distribution of the plots to the right in Figure 5.2.1. The charge distribution in Figure 5.2.2
shows how the threshold changes the distribution and can lead to wrong conclusions. For

this example, data from run 4573 was used, whose threshold was 100 ADC.

Table 5.1: Information on the runs used for the energy spectra shown in Figure 5.2.1.

Date Run Number RunType 7.(ms) [O2](ppb) Threshold (ADC)

09/21/2018 4581 cosmics  0.046 7.15 200
09/22/2018 4586 cosmics 0.057 5.77 200
09/23/2018 4615 cosmics  0.062 5.31 200
09/24/2018 4647 cosmics 0.073 4.51 200
09/25/2018 4662 cosmics  0.108 3.05 200
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Charge is equivalent to integral in this context. Therefore, charge spectrum means exactly the same as
integral spectrum, which is the histogram of the integral of each waveform.
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Figure 5.2.1: Charge spectrum histograms for internal trigger data in cosmic runs. The distri-
butions for channels 100, 104, 132, 108 and 112 are displayed. The difference in the number
of entries of each run is due to the fact that they do not have the same duration and, there-
fore, they have not collected the same amount of data.

Even though the threshold requires careful attention, it is possible to notice the expected

linear response of the SiPM.

5.2.1. Data sample for internal trigger

The data used to analyze the behaviour of the waveform shape as a function of the purity

were taken during the liquid argon purification process in the ProtoDUNE-SP experiment.
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Figure 5.2.2: Charge spectrum histogram for internal trigger data in cosmic runs, using dif-
ferent thresholds for run 4573 and channel 132.

Three purification monitors, inherited from the ICARUS T600 experiment [35], were used
in the ProtoDUNE-SP experiment. Each monitor was installed at a different height from the
TPC: bottom, middle, and top. The measured electron lifetime and the calculated oxygen
concentration are displayed in Figure 5.2.3. The reason for the disagreement of the electron
lifetime measurements among different monitors is under investigation.

The four falls in purity present in Figure 5.2.3 were due to possible conditions that re-

sulted in the failure of the purification pumps, such as power outage.
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Figure 5.2.3: Electron lifetime and oxygen concentration in ProtoDUNE-SP from September,
2018, to January, 2019. The oxygen concentration was calculated using Equation 3.1.3 and
the constant rate for oxygen at 500V/cm. The electron lifetime was measured using three
purity monitors from the ICARUS T600 detector [35] installed at the top (red), middle (black)
and bottom (blue) of the TPC. Note that the concentration varies over time making it crucial
to understand if light is affected by this variation.
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To verify how the variation of the oxygen concentration affects the slow-time decay of the
scintillation light, it was necessary to analyze data from the beginning of the data acquisition,
Figure 5.2.3. According to the studies done by the WArP collaboration, the slow component
of scintillation of argon is sensitive to contamination above 0.1 ppm.

Another important factor that needs to be taken into account is that the shape of the
scintillation light signal depends on the type of particle that is generating it, as shown in

Figure 5.2.4.
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Figure 5.2.4: LAr scintillation light waveform caused by the passage of an alpha (green) and
muon (red) particles into liquid argon [36].

Unfortunately, by the time of this dissertation, particle ID tools were not yet available for
ProtoDUNE-SP data, therefore is was not possible to explore a wide range of particle sam-
ples. If the CRT reconstruction were available for the ProtoDUNE data, it would be possible
to reconstruct the muons crossing the TPC volume and select those passing close to the pho-
tosensitive devices, to make sure that the signal analyzed was from a muon, but this tool was
also not yet available.

As explained previously, internal triggered data for both cosmic and beam runs are used
to save waveforms of particles crossing the TPC in a time window around the external trigger.
Therefore, in the absence of an external trigger (caused by beam or horizontal cosmic rays)
the activities inside the detector are mainly due to cosmic rays and radioactivity action. The
energy deposited by radioactivity action is much smaller than the one deposited by cosmic

rays. So, we are assuming that internal trigger signals are mostly cosmic ray signals.
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5.2.2. Cosmic rays at sea level

The ProtoDUNE-SP is installed at the CERN Neutrino Platform, which is a building at the
surface. For this reason, a high flux of cosmic rays of 10 kHz is expected in the detector.

Cosmic rays [37, 38] are atomic nuclei that enter the atmosphere and collide mainly with
oxygen and nitrogen atoms present in the air. Such collisions produce lighter particles, and
the set of such particles constitutes an air shower. Figure 5.2.5 shows the flux at sea level

(altitude of 0 km) of different particles produced from cosmic rays.
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Figure 5.2.5: Vertical flux of cosmic rays at different altitudes [7].
Therefore, analyzing data from cosmic rays at sea level (atmospheric depth of 1000gcm™2)
mainly means to be analyzing muons, and particle ID selection is important for the study of

the decay time for the slow LAr scintillation light component. For this reason, this analysis

was done using self-triggered data.
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5.2.3. Signal modelling

To study how the contamination was affecting the slow component of the liquid argon
scintillation light, a signal model was created considering some features. First of all, the
emission of the scintillation light of liquid argon occurs in two exponentially-decaying com-
ponents, one with a fast decay constant, and the other with a slower one, according to Equa-
tion 3.0.3.

The second consideration that should be taken into account is the fact that the TPB used
to shift the wavelength has an exponentially delayed light emission [39] that follows

N
S+ AIn(+t/t)2 A +t/ty)

Idelayed(t) =1 (6.2.1)

where N and A are constants depending on the nature of the scintillator, 7 is the fluores-
cenceyield, and 7, is the relaxation time that is linked to the diffusion coefficient of the triplet
state in the scintillator.

For statistical reasons, the SiPM response adds a time convolution with a normalized

Gaussian to the final waveform, like

G =

2
(x—b) ) (5.2.2)

exp (— p

1
V2na?
where a is the standard deviation and b is the position of the center of the peak. Therefore,

the fit will be done in a waveform W F(¢) of the form

WEF(t) = G(1) * [ Iscint(£) + Ielayed (1)) . (5.2.3)

An easy example of how the waveform is changed due to Equations 5.2.1 and 5.2.3 is
shown in Figure 5.2.6. The time contribution that the detector response adds to the final
signal is cumulative. Each point in time contributes a Gaussian of the same amplitude of the
signal, and the final amplitude after convolution will be the sum of all Gaussians prior to this

point since they are time oriented. This is illustrated in Figure 5.2.6 to the right.
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Figure 5.2.6: (Left) Waveforms for three different configurations: LAr scintillation light (red),
LAr+TPB scintillation light (blue) and LAr+TPB scintillation light convoluted with the nor-
malized Gaussian (black). (Right) Example of how the convolution is calculated. The con-
volution result is the sum of all the contributions from the Gaussian before that point. The
amplitude of all three curves are normalized to be equal to 1 in both plots.

5.3. Beam external trigger

The beam data was used to analyze the Rayleigh scattering effect due to the purity dif-
ference of the liquid argon. To verify the effect of Rayleigh scattering, a particle beam with
a momentum of 0.5 GeV was analyzed for two different purities. A combination of instru-
mentation allows identifying the particles in the beam. Due to the momentum value of the
beam, the production of electrons and pions dominates. The identification of these parti-
cles is done with the help of two detectors located along the beam: time of flight and the

low-pressure Cerenkov detector.

Table 5.2: Selected beam run information. The electron lifetime was measured using the
monitor 1, that is close to the ARAPUCA array in APA 3. For both cases, the TPC cathode
voltage was 180 kV and the ARAPUCA bias voltage was 48 V.

Run Number Date Electron Lifetime Beam Energy
4878 October 2nd, 2018 0.605 ms 0.5 GeV
5837 November 11th, 2018 5.775 ms 0.5 GeV
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Chapter 6
Signal Analysis

6.1. Quenching analysis

The analysis of the decay time for the slow LAr scintillation light component was made
using average waveforms for a fixed condition, which means, a fixed run number. A fit using
the idealized signal described in Section 5.2.3 and the ROOT function called TMinuit was

done individually for each average waveform.

6.1.1. Average Waveform

A common practice used in noisy data analysis is the use of the average signal. This
practice reduces the effect of random noises present in the data. To reduce once more the
contribution difference between small and big pulses, the waveform was normalized by its
integral before being summed up to the total average waveform. Only self-triggered pulses

were considered for the following analysis. The analyzed runs are shown in Table 6.1.

Table 6.1: Run selection for the analysis of the average waveform. Those runs were selected
due to their oxygen concentration.

Date Run Number 7, (ms) [O2] (ppb)
4583 09/21/2018 0.046 7.137
4588 09/22/2018 0.057 6.335
4614 09/23/2018 0.062 5.333
4634 09/24/2018 0.079 4.501
4663 09/25/2018 0.107 3.059
4712 09/26/2018 0.129 2.531
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The evaluation of the baseline was done individually using the first 30 ticks of each wave-
form. A noticeable electronic effect on the light signals detected on all light detectors is the
undershoot, as exemplified in Figure 6.1.1, in which the signal does not return to the baseline
value after the pulse. After the baseline subtraction, both areas above and below the base-
line were calculated to check the undershoot effect. The negative area was around 2%(7%)
of the positive one for the bars(ARAPUCAs). Therefore, the undershoot effect is clearly more
significant for the ARAPUCAs channels.
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Figure 6.1.1: Example of an undershoot. The undershoot effect shown in this figure is exag-
gerated from that observed in the experimental data of the ProtoDUNE-SP experiment.

The current analysis was made using some photosensitive devices installed on the APA
6. The selection of the channels was done intentionally, so that two channels of each tech-

nology were analyzed, as shown in Table 6.2.

Table 6.2: Selection of the channels for the analysis of the slow scintillation component of
liquid argon.

Technology DAQ Channels
Double-Shifted Light Guide = 252 and 253
Dip-Coated Light Guide 257 and 258
ARAPUCA (6 SiPM) 264 and 265
ARAPUCA (12 SiPM) 268 and 268

The final average waveforms per channel and per run are shown in Figure 6.1.2 to Figure

6.1.5.
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Figure 6.1.3: Average waveform for a dip-coated light guide. DAQ channels 257 and 258.
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Figure 6.1.4: Average waveform for an ARAPUCA with 6 SiPMs installed in each. DAQ chan-

nels 264 and 265.
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Figure 6.1.5: Average waveform for an ARAPUCA with 12 SiPMs installed in each. DAQ chan-
nels 268 and 269.

As mentioned previously, the effect of the undershoot on the signals in ARAPUCA is clear.
Still, it was possible to extract the scintillation light slow decay time, as shown in Section

6.1.2.

6.1.2. Slow decay time measurement

After calculating the average waveform, Figures 6.1.2-6.1.5, as described above, a fit was
performed by the minimization of a chi-square function with the help of the MINUIT pack-
age implemented in the ROOT TMinuit class on the average waveforms for the runs dis-
played in Table 6.1.

An idealized signal was used for the fit. This idealized signal takes into account that the
LAr scintillation light has a fast and a slow decay time component, that the TPB used to shift
the light wavelength has a delayed component of scintillation, and that the electronics due to
the use of a SiPM introduces a time Gaussian contribution to the final waveform, described

in Section 5.4.



6.2. RAYLEIGH SCATTERING ANALYSIS 66

The fit was done for each waveform, see Figure 6.1.6. The effect of the undershoot for the
ARAPUCA signal is clearly noticed, and this entailed in choosing different time intervals for
the fit of each channel. The result of the slow decay time obtained after the fit for all analyzed

channels is shown in Figure 6.1.7.
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Figure 6.1.6: Fit (red) done on the average waveform (blue) of channel 269 in run 4588.
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Figure 6.1.7: The LAr scintillation light slow decay time component for some channels in
APA 6 of the ProtoDUNE-SP experiment. Channels 252 and 253 are Double-Shifted light
guide bars. Channels 257 and 258 are Dip-Coated light guide bars. Channels 264 and 265
(268 and 269) are ARAPUCAs with six (12) SiPMs installed in each..

6.2. Rayleigh scattering analysis

The previous section showed that the shape of the waveform does not change in the pu-

rity range presented by the ProtoDUNE-SP experiment. This effect can also be observed in
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waveforms from the 0.5 GeV particle beam, as shown in Figure 6.2.2.

The same fit described in the previous section was repeated here for channel 134 for
the beam data, and a slow scintillation component of 1,711(1,752) ns was found for the run
4878(5837). In both runs, the 0.5 GeV incident beam, Figure 6.2.1, was mostly composed
of electrons meaning that interactions in liquid argon generate shower particles. Since the
secondary particles can also interact with liquid argon, there will be some late light in each
waveform. This late light might be causing this higher component of slow scintillation for
the average waveform when compared to the values found in the previous section. Despite
the value for the slow component of scintillation, it remains constant as expected.

The beam runs were selected so that the only difference in configuration was the purity
of the liquid argon. Therefore, any difference in the amount of arriving photons can be asso-
ciated with the Rayleigh scattering and absorption effects. As shown in Table 5.2, both beam

runs that were analyzed had a cathode voltage of 180 kV and an ARAPUCA bias voltage of 48

V.
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Figure 6.2.1: Beam momentum distribution for beam runs 4878 and 5837.
After verifying the beam instrumentation information and selecting only "good beam
events"' each one of the 12 ARAPUCA channels was analyzed. To calculate the number of

photons arriving at the detector an analysis of individual waveforms was made. An ADC
histogram of the first 700 ticks was made for each waveform and the baseline was considered
as being the center of a Gaussian fit on this histogram. After subtracting the baseline, an

integral of the last 1,300 ticks was made.

A beam event is defined as a good beam event if there was information from the particle ID detectors,
such as TOF and Cerenkov detector.
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Figure 6.2.2: Average waveforms for a 0.5 GeV beam signal for run 4878 (blue) and run 5837
(red). The average waveform was calculated considering only the pulses of light generated
by the beam of particles, disregarding those generated by cosmic rays.

The calibration shown in Table 4.3 represents the integral value for a single photon. There-
fore, to recover the amount of detected photons per detector for the beam events, one should

divide the total integral by the value of the calibration, as follows:

Waveform Integral
Calibration

Number of Photons = (6.2.1)

By putting in a histogram the number of photons detected by all 12 channels together it
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is possible to identify a peak relative to the noise and another relative to the light generated

by the beam of particles, Figure 6.2.3.
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Figure 6.2.3: Total number of photons detected by 12 ARAPUCA channels together for a par-
ticle beam of 0.5 GeV. The particle identification was done using both time-of-flight and
Cerenkov detector information.

A fit of the sum of two Gaussians
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f(x)=poxexp + p3 x exp

was made to identify the center of both peaks, as shown in Figure 6.2.4. Substituing in

Number of Photons = p; — py (6.2.3)

the fit parameters from Figure 6.2.4, it was possible to calculate the number of detected pho-
tons for each run. As a result, there were 25 + 2(31.9 + 0.4) photons being detected by the
ARAPUCA module in run 4878(5837). Since the only difference between the two runs is the
concentration of impurities, the difference in the amount of detected photons can be asso-

ciated with the Rayleigh scattering and absorption effect.
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Figure 6.2.4: Fit of two Gaussians on the integral histogram distribution. The peak near zero
represents the resulting integrals of empty waveforms, and the second peak represents the
resulting integrals of waveforms associated to the beam.

Note that for a 0.5 GeV particle beam, it is not possible to identify the beam peak just

by looking at the integral histogram distribution of a single channel, as shown in blue in

Figure 6.2.5. It is necessary to sum the contribution of all 12 ARAPUCA channels to be able

to distinguish both noise and beam peak.
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6.3. Monte Carlo toy model

A toy model of a Monte Carlo simulation was made to "measure" the Rayleigh length.
Remember that the volume of the ProtoDUNE-SP experiment is divided by the cathode po-
sitioned in the center and parallel to the direction of the particle beam. An electron beam of
0.5 GeV was simulated entering the half of the experiment sensitive to the beam. The direc-
tion of the original beam of the experiment was preserved in the simulation.

The trajectory of the particle within the volume of liquid argon was divided into steps of

1 cm. The energy of the beam was updated with each step as

dE
E(E) = fStopping Power (E) X p A X dstep» (6.3.1)

where fsiopping Power (E) is the total stopping power distribution of electrons in liquid argon
given in Figure 6.3.1, p4, = 1.4g/cm? is the argon density, and dstep = 1cm is the distance

traveled by the particle in each step.
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Figure 6.3.1: Stopping power of electrons in liquid argon [40].

The maximum number of photons emitted by liquid argon per deposited energy of 1 MeV
can be estimated to be 5.13 x 10* photons/MeV; see Table 2.1, but it is known that the effec-
tive light yield depends on mainly two external factors. First, the light yield depends on the
particle ID that is crossing the detector and its linear energy transfer (LET). Considering an

electron in LAr, the relative scintillation light yield at zero electric field is
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Y, =08, 6.3.2)

r

as shown in Figure 6.3.2. Hence the absolute yield for minimum ionizing electrons in LAr is

Y, =038 (5.13 x 10* photons/MeV) = 4.1 x 10* photons/MeV. (6.3.3)
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Figure 6.3.2: LET dependence of scintillation yield, Y, in liquid argon. Solid circles show
the yields for relativistic particles. Non-relativistic particles are represented by open circles.
Open squares and triangles show the yield for non-relativistic protons whereas small open
circles show those for non relativistic-helium ions [41].

The second factor depends on the intensity of the electric field applied in the TPC. As ex-
plained in Chapter 3, the scintillation process can happen either through the de-excitation
of excited Ar atoms or through the recombination of Ar" ions and free electrons. The pres-
ence of an electric field in the LAr volume can influence the second process preventing
ion-electron recombination. Studies were made to understand the dependence of the LAr
scintillation yield on the strength of an applied electric field [42] for many types of ionizing
radiation. From Figure 6.3.3 it is possible to determine the relative reduction, Ag, in Ypeh
in the presence of an electric field. Since an electric field of 500 V/cm was applied in the

ProtoDUNE-SP detector, the recombination factor is

Ag(E=500V/cm) = 0.6. (6.3.4)

Finally, by multiplying both Equations 6.3.3 and 6.3.4, the absolute scintillation light yield
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Figure 6.3.3: Saturation curves of ionization (open symbols) and scintillation (close symbols)
for 1 MeV electrons in LAr (dots) and in liquid Xenon (squares) as function of the electric field
strength [41].

for minimum ionizing electrons in LAr with an applied electric field of 500 V/cm can be esti-

mated to be:

Ypeh (E=500V/cm) =~2.4 x 10* photons/MeV (6.3.5)

The simulation of the scintillation light is made in two steps. First, the amount of energy
lost in each step of 1 cm is calculated according to Equation 6.3.1. Second dE/dx x 2.4 x
10° photons are generated isotropically at the final position of each step of 1 cm. Note that
an amount of produced photons ten times smaller than the real one was simulated to make
the simulation faster, and this value is corrected in the calculation of the amount of detected
photons, Equation 6.3.7.

After being generated, each photon can hit a wall, be absorbed, or be scattered. Therefore
three distances are analyzed for each photon. By knowing where the photon was generated
and its direction, it is possible to calculate the distance to be traveled until it hits a wall,
dwa1- The distance to be travelled until an absorption, d s, or scattering, ds.,, obeys the

following exponential distribution of probability

P(x) = %e‘” A (6.3.6)
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where A is either the absorption length, given by Equation 3.1.5, or the Rayleigh scatter-
ing length. Since the idea is to reproduce the results presented in the previous section, a
simulation using the absorption length for runs 4878 and 5837 was made using 13 different
Rayleigh scattering lengths (10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 500, and 1000 cm) each
time. The shortest distance among d,,4;;, daps, and dsc4¢, indicates the predominant effect,

which means that

e ifdyan <daps and dyg); < dscar, the photon is going to hit the wall before being either
absorbed or scattered. In this case, if the photon hits the ARAPUCA module installed
on the APA 3, it sums one in the detected photon count, otherwise it is ignored;

e elseif d,ps < dyqr and dgps < dscqr, the photon is going to be absorbed before either
hitting the wall or being scattered. In this case, this photon is also ignored;

e lastly, if dscqr < dyan and dscqr < dgps, the photon is going to be scattered before either
hitting the wall or being absorbed. In this case, another random direction is associ-
ated to the scattering point and all the process is repeated until the photon is either

absorbed or detected.

The output of this simulation is the number of photons that reached the ARAPUCA mod-

ule. The number of detected photons can be calculated as

sim
Ndetected = Mipcident X 10 X TAPA X EARAPUCA, (6.3.7)

where n{™ is the number of photons that reached the ARAPUCA module given by the

incident
simulation, the factor 10 corrects the amount of generated photons, Taps ~ 0.7 [13] is the
transparency of the APA?, and € 4gapuca ~ (1.0 £0.1)% is the detection efficiency of ARA-
PUCA. The simulation for each Rayleigh scattering length was made ten times, and the stan-

s gt sim
dard deviation, 6 " cident Was calculated as

sim _
6nincident -

(6.3.8)

where n; is the output of the each simulation, and 7 is the average number of incident pho-
tons among N = 10 simulations made. The final result is shown in Figure 6.3.4. Small scat-

tering distances imply a greater probability of scattering, consequently, the photon travels a

2Remember that the photon-detection system is installed behind the APA, which causes the photon to
cross the APA frame before actually reaching the detector.
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larger distance until it is detected, as shown in Figure 6.3.5. As a new scattering and absorp-
tion distance is calculated for each interaction, more interactions occur, greater the proba-

bility that the photon will be absorbed by the medium.
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Figure 6.3.4: Number of simulated photons detected by the ARAPUCA module for different
Rayleigh scattering lengths. The smaller the Rayleigh scattering length, the smaller is the
quantity of photons arriving at the detector due to the greater probability of absorption along
the track. From the interception of the band of detected photons given by the simulation
(red) and the band of measured detected photons for run 5837 given by Figure 6.2.4 (gray), it
was possible to measure a Rayleigh scattering length of 97i§§ cm.
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Figure 6.3.5: Distance travelled by the photon until its detection by the ARAPUCA module
for different Rayleigh scattering lengths.
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From the data analysis presented in the previous section it was found that 25+2(31.9+0.4)
photons were detected by the ARAPUCA module for run 4878(5837). However, the simula-
tion described in this section does not show distinct behaviors for the purity levels of the
analyzed runs, see Figure 6.3.4. Setting the value of Rayleigh scattering length found for run
5837 as 97792 cm, a scan through different absorption lengths was done to explore in which

limit an amount of ~25 detected photons is recovered. As shown in Figure 6.3.6, it would

be necessary to have an absorption length of 24153539 cm to detect the desired number of
photons.
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Figure 6.3.6: Number of detected photons for different absorption lengths, for a fixed
Rayleigh scattering length of 97 cm. From the interception of the band of detected photons
given by the simulation (red) and the band of measured detected photons for run 4878 given

by Figure 6.2.4 (gray), it was possible to measure an absorption length of 2415:“%8?9 cm.

Table 6.3: Summary of important information used in the Monte Carlo toy model described
in this section.

Absolute LAr light yield ~ 2.4 x 10* photons/MeV
Beam energy 0.5GeV
Relative scintillation light 80%
Recombination factor 60%
Absorption length 14(4878) ~540m and [4(5837) ~5km
Absorption coefficient ks =0.034ppm lcm™!

TPC dimensions 360 (width) x 600 (height) x 720 (length) cm?®
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Chapter 7

Conclusions

The data analysis for the ProtoDUNE-SP has shown coincidences between pulses of light
with self-trigger and beam trigger. Besides, a theoretical consistency was found in the signal
from liquid argon scintillation light over the data acquisition period. This indicates proper
operation of the light detection system, including the ARAPUCAs.

A careful calibration of the light detectors was successfully done using two distinct meth-
ods described in Section 4.4. Both methods used light from a pulsed LED to obtain the single
photo-electron charge and the crosstalk factor of the SiPMs. The agreement between the
two methods indicates the reliability of the results, which led to a final refined correction in
which silicon photomultiplier crosstalk effects were considered allowing the determination
of the amount of light detected.

To properly use the scintillation light, one should verify the purity level of the liquid argon
since the behavior of the light may undergo changes due to the presence of impurities in
the active medium of the detector. A description of these effects was given in Chapter 3,
showing that different slow-decay times may occur in combination with Rayleigh scattering
and absorption effects that will change the amount of light that arrived at the light detector.

The present work considered the fast and slow responses of scintillation light together
with the delayed response of TPB, added to the response of the SiPMs to obtain the slow-
decaytime, as shown in Section 5.2.3. The result of ~1.275 us confirms the constant slow-
decay time predicted by the WArP collaboration for a concentration below 0.1 ppm. This
result was found among all three different light detectors during the beginning of the data
acquisition period, in which impurity concentration was the highest. Therefore, it is possi-

ble to assume that no quenching effect is observed during the period of operation of the ex-
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periment of the dimensions of the ProtoDUNE-SP since purification pumps started to work
decreasing the concentration of impurities.

A first attempt to analyze the number of detected photons was made using self-triggered
signals, with a threshold of 200 ADC, the value used during most of the data taking. However,
it has been found (Section 5.2.1) that a threshold of 200 ADC is large enough to cut off the dis-
tribution of the detected signal. Consequently, beam data was used to analyze the number of
detected photons by the ARAPUCA array installed at APA 3, close to the beam entry point. A
waveform was saved by all photosensitive devices for each beam trigger. The number of de-
tected photons was calculated by dividing the integral of the pulse by the calibration of each
channel. For a 0.5 GeV particle beam, the integral of the signal detected by a single channel,
see Figure 6.2.5, was not large enough to be distinguishable from the baseline integral peak,
and for this reason it was necessary to sum the contribution of all 12 ARAPUCA channels, see
Figure 6.2.3, to be able to recover a baseline peak and a beam peak.

From a two-Gaussian fit in the pulse integral distribution, it was measured that run 4878
detected 25 + 2 photons, and run 5837 detected 31.9 + 0.4 photons. The difference in the
number of detected photons was initially supposed to be associated with absorption and
Rayleigh scattering effects.

A Monte Carlo toy model was developed to verify this assumption. In the model de-
scribed in Section 6.3, photons emitted along the trajectory of the 0.5 GeV electron beam
could be Rayleigh scattered, absorbed by the medium and wall, or be detected by the ARA-
PUCA module. The result obtained in the simulation has revealed that both runs would
detect the same amount of photons for a fixed Rayleigh scattering length. The Rayleigh scat-
tering length found for run 5837 of 97:“%2 cm was fixed to try to reproduce the result found
in the data analysis for run 4878, and a scan through different absorption lengths was done.
It was found that an absorption length of 2415253 cm would be necessary to result in the
25+2 photons detected in run 4878. This result, however, does not completely agree with the
absorption length of ~ 54,000 cm theoretically calculated from the electron lifetime, Equa-
tion 3.1.5.

The discrepancy between the calculated absorption length and the simulated one can be
due to a couple of factors. First, although less likely, the toy model is too simplified for the

proposed simulation. Second, the calculation of the absorption length given by Equation
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3.1.5 is not valid for experiments of the proportion of the ProtoDUNE-SP experiment. Third,
the number of beam events recorded during run 4878 was not enough to form a beam peak
as clear as the one for run 5837, leading to a wrong fit value. A more complete Monte Carlo
simulation would be necessary to prove the first hypothesis. More studies in large LArTPCs
could prove the second hypothesis. Finally, this analysis could be repeated for other runs
in conditions similar to the runs analyzed in this work, to check the values found. Even
though the calculated absorption length does not recover the measured number of photons
for run 4878, a satisfactory Rayleigh scattering length was found for run 5837 together with
the behavior of light previously predicted in Section 3.1.3, proving the knowledge in liquid

argon scintillation and the validity of the toy model simulation.
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