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Abstract

The [Standard Model (SM)| of particle physics has proven to be remarkably consistent
in its explanation of experimental observations. An exception is the intriguing nature
of neutrinos. Particularly, neutrino flavour eigenstates do not coincide with their mass
eigenstates. The flavour eigenstates are a mixture of the mass eigenstates, resulting in
oscillations for non-zero neutrino masses. Neutrino mixing and oscillations have been
extensively studied during the last few decades probing the parameters of the three flavour
model. Nevertheless, unanswered questions remain: the possible existence of a
lconjugation Parity symmetry (CP)|violating phase in the mixing matrix and the ordering
of the neutrino mass eigenstates. The |Deep Underground Neutrino Experiment (DUNE)|
is being built to answer these questions via a detailed study of long-baseline neutrino
oscillations. Like any beam experiment, [DUNE] requires two detectors: one near the
source to characterise the unoscillated beam, and one far away to measure the oscillations.
Achieving sensitivity to [CP] violation and mass ordering will require a data sample of
unprecedented size and precision. A high-intensity beam (2 MW) and massive detectors
(40kt at the far site) are required. The detectors need to provide excellent tracking and
calorimetry. |[Liquid Argon Time Projection Chambers (LAr'TPCs)| were chosen as

Detectors (FDs)| because they fulfil these requirements. A [LArTPC|component is also

necessary in the [Near Detector (ND)|[ complex to bring systematic uncertainties down to
the required level of a few percent. A drawback of is their comparatively low
speed due to the finite charge drift velocity (~ 1mmps™'). Coupled with the high beam
intensity this results in event rates of 0.2 piled-up events per tonne in the [ND] Such a rate
poses significant challenges to traditional [LArTPCk: Their BD] tracking capabilities are
limited by wire charge readouts providing only projections. To address this problem
a pixelated charge readout was developed and successfully tested as part of this thesis.
This is the first time pixels were deployed in a single-phase [LATTPC] representing the
single largest advancement in the sensitivity of [LArTPCs—enabling true [3D] tracking. A

software framework was established to reconstruct cosmic muon tracks recorded with
the pixels. Another problem with traditional is the large volume required
by their monolithic design resulting in long drift distances. Consequentially, high drift
voltages are required. Current are operating at the limit beyond which electric
breakdowns readily occur. This prompted world-leading studies of breakdowns in
including high-speed footage, current-voltage characteristics, and optical spectrometry. A
breakdown-mitigation method was developed which allows to operate at electric
fields an order of magnitude higher than previously achieved. It was found however that
a safe and prolonged operation can be achieved more effectively by keeping fields below
40kV em ™! at all points in the detector. Therefore, high inactive clearance volumes are
required for traditional monolithic [LATTPCk. Avoiding dead volume intrinsically
motivates a segmented [TPC| design with lower cathode voltages. The comprehensive
conclusion of the [HV] and charge readout studies is the development of a novel fully

modular and pixelated concept—ArgonCube. Splitting the detector volume




into independent self-contained sharing a common bath reduces the required
drift voltages to a manageable level and minimises inactive material. ArgonCube is
incompatible with traditional [PMT}based light readouts occupying large volumes. A
novel cold [SiPM}based light collection system utilised in the pixel demonstrator [TPC]
enabled the development of the compact [ArgonCube Light readout system (ArCLight)|
ArgonCube’s pixelated charge readout will exploit true tracking, thereby reducing
event pile-up and improving background rejection. Results of the pixel demonstration

were used in simulations of the im

pact of pile-up for ArgonCube in the DUNE|[ND] The

influence piled-up 7’-induced [EM]| showers have on neutrino energy reconstruction was
investigated. Misidentified neutrino energy in ArgonCube is conservatively below 0.1 %

for more than 50 % of the neutrino

events, well within the DUNE] error budget. The work

described in this thesis has made ArgonCube the top candidate for the component

in the DUNE]|[ND] complex.
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Preface

This thesis studies most of the relevant challenges for neutrino detectors in
future high-multiplicity environments alongside potential solutions, namely the dielectric
strength of new charge and light readout methods, as well as the required next-
generation charge readout electronics. Chapter [1] sets the stage and motivates my work,
it is a combination of various sources.

The theoretical background of neutrino detection and oscillation is elucidated in
Chapter [2 It is started with a short historical introduction loosely based on Giunti and
Kim [1] who also provide a very detailed overview of neutrino physics. Details on the
detectors used in the historical experiments are taken from Grupen and Schwartz [2], as
is the section on final state detection. The theory of neutrino oscillations is inspired by
Schmitz’ book on neutrino physics |3].

Chapter [3] introduces the detector with all its subsystems and peculiarities.
It is based on the book on “Noble Gas Detectors” by E. Aprile et al. [4] and the
Master thesis of M. Schenk [5].

Various studies of the technologies required by ArgonCube are presented in Chapter [4]
Most of this is my work. I made crucial contributions to the setup of the electric
breakdown measurements and played a leading role in data analysis and writing of the
paper presenting the results [6], of which I am corresponding author. These studies
resulted in a second paper [7] on a method to mitigate breakdowns, which I co-authored.
With the [HV]issues addressed I started investigating new charge readout technologies.
Two technologies are presented: a replacement for wires using copper traces on a thin
Kapton layer and a pixelated readout. Both ideas are not new but they have never been
used in before. I built, commissioned and operated the test setup including a small
[TPC] for the copper on Kapton readout. The section on the pixelated readout introduces
the theory of the applied analogue multiplexing scheme based on [§]. Also described
is a composite effort I lead to reduce the noise present in the setup used to test the
pixelated readout. Crucial input on the electronics modifications was kindly provided
by D. Shooltz from the collaboration. Details on the test setup and results are
presented in Chapter 5] At [BNI] NY, USA I tested new cold charge readout electronics.
Based on the knowledge gained from these tests, I advised the neutrino group at [LBNT]
CA, USA on the testing of their new bespoke pixel electronics, [LArPix] Also presented
in this chapter are cold tests performed with the pixel demonstrator described

in Chapter [5] They enabled the development of [ArCLight] [9] by the LHEP group,

which I helped testing and characterising.

Chapter [5| presents the novel ArgonCube concept developed at [LHEP] I
designed and constructed a bigger [TPC| the pixel demonstrator, to test the pixelated
charge readout. I lead its commissioning and operation. For the analysis of the recorded
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0. Preface

cosmic muon tracks I wrote a reconstruction framework from scratch. Y.-T. Tsai and T.
Usher from SLAC, CA, USA provided valuable input on the employed reconstruction
algorithms. Based on these findings, a scaled-up version of the pixelated readout was
placed in with my relevant contributions to the pixel plane design and detector
operation. I have presented the pixel demonstration at several conferences (e.g. [10]) and
am corresponding author of a resulting paper [11]. All the aforementioned work went
into the design of ArgonCube described in the last section of this chapter. The design
is the work of the ArgonCube collaboration and will be written up in an appropriate
document in the near future.

The detailed implementation of ArgonCube in the DUNE|ND]is described in Chapter [6]
Again, this is the work of the ArgonCube collaboration based on the findings I present
in this thesis. To support our proposal of ArgonCube for the DUNE|[ND| we needed to
prove its ability to cope with the high rates expected. I provide this proof in the last
section of Chapter [0] using a reconstruction simulation I wrote based on my previous
findings on the performance of pixelated [LArTPCg. C. Marshall from [LBNT] CA, USA
kindly provided guidance and the raw simulated neutrino events.

The thesis is wrapped up in Chapter [7} This is my work.
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1. Introduction

The [Standard Model (SM)| of particle physics has proven to be remarkably consistent in
its explanation of experimental observations over the last decades. An exception is the
intriguing nature of neutrinos. Not only are their mass eigenstates a mixture of their
flavour eigenstates, but also their masses are smaller than charged lepton masses by
several orders of magnitude. Measuring these effects is not simplified by the fact that
the interaction rates (cross-section) of neutrinos are extremely small, raising the need for
high-intensity sources along with extremely massive detectors. This is the reason why it
took almost 25 years from their proposal [12] to the first measurement |13] of neutrinos.
As of today, neutrino mixing is well established and their masses have been proven to
be non-zero. The basis for this was the discovery of neutrino oscillations [14-16], a
consequence of neutrino flavour mixing [17, (18] paired with non-zero masses. However,
there are still several unknowns in today’s neutrino mixing and oscillation model. In
particular, a theory exists with three|Charge conjugation Parity symmetry (CP)|violation
phases that have yet to be measured [17-19]. The consequences of measuringviolation
in neutrino oscillation could be far-reaching. Via cosmological models [20], it could explain
the asymmetry between matter and antimatter in the universe. Besides, while it is certain
that at least two out of the three neutrinos have non-zero masses, their ordering is still
unknown. Its determination will help to integrate massive neutrinos into the [SM] where
they are currently massless.

Measuring the unknown parameters of the neutrino mixing and oscillation model
will require a neutrino interaction sample of unprecedented size. Much of today’s
knowledge was gained from neutrinos produced in the Sun [16, 21}, 22] and the Earth’s
atmosphere [14], [15]. However, these and other natural sources have become neither
intense or precise enough to probe oscillation physics. The same is true for nuclear
reactor neutrinos |13} 23]. Therefore, artificially produced neutrino beams and massive
detectors [24] are being deployed. Not only are neutrino interactions with matter very
rare, they are also very manifold, giving raise to the need for detectors capable of
recording complex event topologies and precisely reconstructing the kinematic variables
of the events. |Liquid Argon Time Projection Chambers (LArTPCs)|are prime candidates
for the aforementioned requirements. They combine a high-density target material with
high-precision [3-Dimensional (3D)| tracking and calorimetry.

The [Deep Underground Neutrino Experiment (DUNE)| [25-28] is a next generation
long-baseline beam neutrino oscillation experiment, placing in an accelerator-
produced muon (anti)neutrino beam. Several implications result from the required
number of neutrino interactions to be sensitive to violation and neutrino mass
ordering. As mentioned above, a very intense neutrino beam and a large target mass
are necessary [27, [28]. However, this is not enough; at the same time, uncertainties
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have to be kept under control. Statistical uncertainties can be lowered by acquiring
more neutrino interactions, but this is not true for systematic uncertainties, which will
therefore become the limiting factor. To largely cancel systematic uncertainties a
[Detector (ND) complex containing a [LArTPC| will be placed close to the neutrino source
(574m) in addition to the [Far Detector (FD) complex at the end of the baseline, at
1300 km distance.

Up until now charge readouts have been realised by means of multiple
[Dimensional (1D)| wire planes due to technological limitations. Combined with the time
of the drifting charge this results in one [2-Dimensional (2D)|image of the event topology
per wire plane, effectively reducing the capabilities of the [Iime Projection Chamber|
to multiple projections. In this thesis I will show how to implement a true
and demonstrate its performance by reconstructing cosmic muon tracks by
exploiting a method based on the use of a Kalman filter.

[LATTPCE are comparatively slow detectors. The maximum drift velocity of charge in
ILiquid Argon (LAr)| (and thus the readout time) is limited to ~ 1 mm ps™' by constraints
on the maximum cathode voltage. Both the above have not prevented the success of
up to now. Due to the low interaction cross-section event rates in current-
generation have been low enough to cope with. While this still applies to the
[DUNEJ[FD], it is certainly not true for the The high-intensity neutrino beam will
result in event rates in the [ND]significantly higher than what contemporary
have seen. Furthermore, the beam is delivered in very short pulses (spills) of very high
intensity. These spills are from one to two orders of magnitude shorter than a typical
readout cycle. Therefore, the detector registers several neutrino interactions
simultaneously, so-called event pile-up. Combined with the 2D] projection readout this
leads to significant difficulties in event reconstruction: disentangling the interaction
topologies from the recorded projections. An obvious solution to this challenge is to
regain true BD]information from the [TPC| by replacing the projective [ID| wire planes with
a true pixelated charge readout. I will show how the related technological challenges
can be addressed. In particular, new charge readout electronics with a stringent power
management are necessary to keep heat dissipation to a minimum and prevent the
from boiling.

In addition to these readout issues, future large face several other challenges.
In particular for the [High Voltage (HV)|and light readout systems. Earlier studies by
the [Laboratory for High Energy Physics at the University of Bern (LHEP)| showed
that the dielectric strength of is much lower than predicted by studies performed in
the 1950s , . Current are already operating at the limit beyond which
electric breakdowns readily occur [32]. Electronegative impurities present in the m
result in a finite charge lifetime. This results in a lower limit on the required drift field
and therefore cathode voltage. Due to the finite dielectric strength of the required
clearance volume outside the [TPC]| scales with detector size unless accounted for by a
modified [HV] system. I will also present a detailed study of the dielectric strength of
alongside a method to increase the cathode voltage without additional clearance.

In order to get proper timing for the third coordinate in a the collected
scintillation light needs to be matched to the corresponding detected charge. This becomes
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problematic in large monolithic with many simultaneous particle interactions.
Furthermore, traditional light readout systems based on [PhotoMultiplier Tubes (PMTs)|
occupy large volumes. I will introduce the [ArgonCube Light readout system (ArCLight)|
a novel compact light readout system based on |[Silicon PhotoMultipliers (SiPMs)|
ArgonCube is a new concept developed at [LHEP] and addressing all afore-
mentioned issues by means of a modular [TPC| design combined with a pixelated charge
readout. It remains to be shown that such a detector is actually able to cope with
the event rates expected in the DUNE|[ND] At [DUNE] energies [ElectroMagnetic (EM)|
showers produced by decaying 7" result in a plethora of apparently unconnected charge
clusters. Associating all those separate charge clusters to the correct neutrino interaction
is one of the most difficult reconstruction tasks, even for a Energy misidentific-
ations significantly impair the overall energy resolution of the experiment. I will show
a simulation of such interactions in ArgonCube to investigate its behaviour under high

event rates, as expected in the DUNE][ND]
The goal of this work is to establish the key technologies enabling the successful

deployment of an ArgonCube component in the ND] complex. An

introduction to the history and theory of neutrino detection as well as an overview of
[DUNE] are given in Chapter 2] The standard design is explained in Chapter [3]
including a description of its limitations. Chapter [4] contains several studies addressing the
challenges met by future [LArTPCE. These include a thorough investigation of dielectric
breakdowns in [LAx] the development of new charge and light readout methods, as well
as the evaluation of electronics for pixelated charge readouts. My main contribution to
ArgonCube is the demonstration of a pixelated readout in Chapter[5] A general
description of the ArgonCube concept is also given in this chapter. Chapter [0] introduces
the proposed ArgonCube detector for the DUNE]|[ND| complex together with a feasibility
study of a in such an environment. The thesis is summarised in Chapter [7]




2. Neutrinos and their Detection

Neutrino physics has seen an outstanding progress from first detection 60 years ago to
planned huge experiments in the near future. This chapter will give an overview of the
history of neutrino detectors, describe the current state of the field, and then introduce
the most relevant physics.

2.1. History

In 1914 Chadwick proved that the energy spectrum of the S-decay was continuous [33]. To
explain this Wolfgang Pauli proposed the neutron, a neutral weakly interacting fermion,
to the Radioactive Ladies and Gentlemen of the Tiibingen conference on radioactivity in
1930 [|12|. However, the same Chadwick discovered the particle we today call neutron in
1932 [34]. Upon this Fermi proposed the name neutrino and a little later came up with a
new theory for -decay [35].

It took almost another quarter of a century until the neutrino was experimentally
detected for the first time by Reines and Cowan in 1956 |13]. They built a detector for
the reaction

7.p —e'n (2.1)

and placed it next to a nuclear reactor on the Savannah River Site in South Carolina,
USA. It consisted of two water tanks sandwiched in between three liquid scintillator
tanks with on the sidewalls. The water was the target to induce the above reaction
while the scintillator tanks had the task of detecting the resulting positron and neutron.
A free positron slows down in matter and eventually gets captured by a shell electron,
producing two back-to-back photons with an energy of 511keV each. These produce
scintillation light in the two adjacent tanks and thus can be detected by forming a
coincidence between of the two tanks. Neutron detection is achieved by doping
the water target with cadmium which captures the free neutrons. This produces multiple
photons that can again be detected using the coincidence of the two adjacent scintillator
tanks. Neutron capture is much slower than positron capture. Therefore, the process in
Equation produces a very distinct signal in the detector: a low-amplitude pulse
from the positron capture followed by a high-amplitude pulse from the neutron capture
a few ps later. Backgrounds can be efficiently rejected employing this technique. The
drawback is that detection is limited to the 7, interaction in Equation (2.1)).

In 1962 Lederman et al. proved the existence of the v, at the [Alternating Gradient|
ISynchrotron (AGS)| at [Brookhaven National Laboratory (BNL)|in New York, USA [36].
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For the first time, they produced v, using an accelerator. The protons from the @
were guided onto a beryllium target producing pions which in turn decay according to

™ =y, and 7 = py, (2.2)
producing a beam of muon (anti)neutrinos. Spark chambers were used to detect the
neutrinos. They were placed behind a 13.5m wall of iron shielding used to stop the
muons and remaining hadrons from the beam.

A spark chamber consists of several parallel conducting plates immersed in a counting
gas, typically a mixture of helium and neon. Every other plate is connected to a pulsed
power supply while the rest are grounded. Triggering detectors (usually scintillators
coupled to are placed at either end of the stack. Whenever two coinciding signals
from these are received, an [HV] pulse is applied to the plates. If this happens fast enough
(~ 10ps), a spark forms along the electric field lines where the counting gas has been
ionised by the incident particle(s). Amplitude and duration of the pulse need to be
carefully tuned in order to reach the threshold of spark formation but prevent random
sparks on sharp edges and spacers etc. A gas amplification of 10 to 10° is required
to achieve this. Furthermore, the rising edge of the [HV] pulse needs to be extremely
short (~ 1ns). If it is too long, it drifts the ionised track towards the electrodes before
the field is high enough to initiate a discharge. Switching [HV]at this speed is not easy.
Additionally, spark chambers require quite high dead times of ~ 100 ms to clear the
ionisation charge. A clearing field or an electronegative quenching gas additive can be
used to speed up this process.

In the 1960s, after Davis had failed to measure the lepton-number-violating reaction

7.°7Cl — e *"Ar, (2.3)
he decided to replace reactor 7, with solar 1, and measure
1,2TCl — e ¥ Ar (2.4)

instead [21], |22]. Surprisingly, they measured a flux approximately one third lower
than predicted by the [Standard Solar Model (SSM)l This result became famous as the
solar neutrino problem, only to be resolved more than 30 years later by the
[Neutrino Observatory (SNO)| Davis’ experiment was located 1478 m (4200 m water
equivalent) underground in the Homestake Gold Mine in South Dakota, USA. The
detector consisted of a tank filled with 615t of tetrachloroethylene, CyCl,. As opposed
to the two experiments above, this was a radiochemical detector which can only detect
neutrino interactions offline. According to Equation , an incident neutrino converts
one of the chlorine atoms in the detector into an unstable argon isotope. After exposure,
the tank is purged by pumping helium gas through the liquid to extract the argon
isotopes. In order for this to work a certain amount of *°Ar is introduced into the tank
as a carrier. Through a sophisticated system the argon is purified, and finally its *"Ar
content is measured in a proportional counter. By counting the number of decaying argon
isotopes and extrapolating using its half-life of 35 days it is possible to calculate the
number of neutrino interactions during the exposure.
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A proportional counter is a container with two electrodes (usually a cylinder with a wire
in its centre) filled with a counting medium (usually gaseous). Incident charged particles
ionise the counting medium—mneutral particles can be detected if they first produce
charged particles via interaction with matter in or surrounding the detector. If an electric
field is applied to the electrodes, the produced electron-ion pairs are separated and drift
towards the corresponding electrode. By reading out the current on the electrodes one
can measure the amount of ionisation produced inside the detector. Usually, the anode
is read out because the drift velocity of electrons in an electric field is much higher
than the one of ions. If the ionisation charge is simply drifted towards the electrodes,
the detector is in fact an ionisation counter rather than a proportional counter. The
problem is that the charge produced by the ionisation is very low and the current detector
needs to be very sensitive. Sensitivity can be improved by increasing the voltage across
the electrodes. If the field inside the counter is above a certain threshold, the drifting
ionisation electrons become energetic enough to ionise the counting medium themselves
and thus start an avalanche that produces more charge. In the appropriate voltage range
the produced charge is still proportional to the primary ionisation charge, hence the
name proportional counter. The voltage can be raised further to enter the Geiger regime
where the avalanches produce [UltraViolet (UV)| photons in addition to the ionisation.
These [UV] photons travel independently of the electric field and can start new avalanches
via the photoelectric effect. The process can only be stopped by quenching the discharge
either electrically (temporary voltage reduction) or chemically (quenching additive).

While the Homestake experiment provided a clean way of counting v, interactions,
it provided no information on timing, direction, and kinematics. Only a lower energy
threshold is given by the reaction in Equation . Due to this, it was not possible to
tell which reaction chain in the sun the detected neutrinos originated from. Furthermore,
care needs to be taken for a very good understanding of all background processes that
can produce *"Ar or its signature in the counting tube. Finally, this experiment was only
capable of detecting 1, a limitation that proved to be crucial in the solution of the solar
neutrino problem: oscillation.

In 1988, the [Kamioka Nucleon Decay Experiment (KamiokaNDE)| in the Kamioka
mine in Japan, and the [[rvine-Michigan-Brookhaven (IMB)| detector [37], in a Morton
Salt mine in Ohio, USA, found a similar deficiency in atmospheric neutrinos. These were
actually a background for the original experiments looking for proton decays. Atmospheric
neutrinos are produced in a similar fashion to Lederman et al. in their muon neutrino
beam experiment. Cosmic rays strike the Earth’s atmosphere and produce secondary
particles many of which are pions subsequently decaying according to Equation (2.2)).
Thus, atmospheric neutrinos are mainly v,,/7,. measured a muon neutrino
flux of only (59 £+ 7) % of the value predicted by simulations [38]. After an upgrade
(KamiokaNDEHT), the collaboration furthermore confirmed the solar neutrino problem
discovered by the Homestake experiment [39]. The detector was a 3000t water tank
equipped with 1000 to detect Cherenkov radiation produced by incoming charged
particles.

Upon passage of a charge particle the atoms of the medium become electric dipoles
by means of polarisation. If the velocity of the incident particle v is greater than the
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speed of light inside the medium £, defined by the refractive index n, this polarisation is
not symmetric anymore, resulting in a non-vanishing dipole moment. A characterisitic
cone-shaped radiation in the direction of the particle is the result. The half opening
angle of the cone is given by

cos(f,) = (2.5)

and the radiation spectrum is

o (24 o w0

with the number of Cherenkov photons NN, path length z, fine-structure constant «,
and electric charge of the particle z. By recording the ring produced by this cone with
light detectors it is possible to determine timing, direction, momentum, and type of the
incident charged particle within certain restrictions. Often employed detection media
include water and oil while the photodetectors are usually [PMTs|

The charged particles detectable by a Cherenkov detector can be produced by neutrinos
in multiple ways. Only the two most important processes are introduced here, a more
detailed description will be given in Section . Analogously to Equation ([2.1)), neutrinos
of all three flavours can interact with nucleons according to

yn — ¢ p and 2.7)
7p — (tn, (2.8)
with ¢ = e, u, 7. It should be noted however that 7 leptons are usually too short-lived
and heavy to produce enough Cherenkov radiation to be detected. A second interaction
path of neutrinos with matter is scattering off shell electrons according to

ve — ye and (2.9)
ve — e . (210)

If the neutrino momentum is high enough, the electron recoil can be detected by a
Cherenkov detector for all three flavours.

Registering timing and directionality in addition to being able to detect and distinguish
v, and v, was a huge improvement over the radiochemical Homestake experiment. Still,
Cherenkov detectors suffer from some deficiencies in particle identification. One of them
is that they can only detect charged particles with sufficient momentum to produce
Cherenkov radiation rather than detecting the whole event topology. The detector cannot
distinguish between processes producing the same ring signature. An important example
is a 7 produced by a v, inducing a signal in a Cherenkov detector very similar to the
one of a 1,. This is a crucial background for neutrino oscillation experiments.

Super{KamiokaNDE] the 50kt successor of [KamiokaNDE] solved the atmospheric
neutrino problem in 1998 14} |15]. It measured the flavour ratio of the atmospheric
neutrino flux as a function of zenith angle. The number ratio of upward to downward
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muon-like events was found to be ~ 50 % while from Monte Carlo simulations it was
expected to be ~ 100%. This result suggested a disappearance of v, via neutrino
oscillations for atmospheric neutrinos that travelled along the much longer baseline
through the Earth.

The solar neutrino problem was solved in 2002 by in the INCO Ltd. Creighton
Mine in Ontario, Canada [16]. was a 1kt heavy water Cherenkov detector located
2039 m below the Earth surface (~ 6000 m water equivalent). Its use of heavy water
(D,0) allowed it to detect neutrinos flavour-independently via

vd — ypn  and (2.11)
Ijgd — Vppn (212)

in addition to the interaction channels detectable by light water Cherenkov detectors
given by Equations , , , and . For this to work, the emerging neutron
needs to be detected which was achieved using *He-filled proportional counters inside
the heavy water tank. The additional neutrino detection channel allowed [SNO| to prove
that only the solar 1, flux is below the predictions by the [SSM] while the combined flux
of all three flavours is consistent with the model. This was a direct evidence for neutrino
oscillation.

The v, was first detected by the[Direct Observation of the Nu Tau (DONUT)[experiment
at [Fermi National Accelerator Laboratory (FNAL) in Illinois, USA in 2001 [40]. Similarly
to the v, discovery, a neutrino beam was produced by shooting 800 GeV protons from
the Tevatron onto a tungsten beam dump. The v, were detected via the interactions
described by Equations and for ¢ = 7. Therefore, it was required to detect
very short-lived 7, requiring a detector with a very good spatial resolution.

Nuclear emulsions were chosen as the core component of the detector. They consist
of fine-grained (~ 0.1pm) silver-halide crystals (AgBr and/or AgCl) embedded in a
gelatine substrate. Ionisation by passing charged particles causes some of the silver-halide
molecules to be reduced to metallic silver. A subsequent development process reduces
the silver-halide crystals, preferentially affecting those microcrystals already disturbed
and partly reduced by the ionisation. Finally, the remaining crystals are dissolved in the
fixation process, leaving a stable image of elemental silver particles along the ionisation
tracks. These charge images can be digitised using [Charge-Coupled Device (CCD)|
cameras attached to computer-controlled microscopes. Pattern recognition accelerated
by |Graphics Processing Units (GPUs)| can be employed for event reconstruction.

The spatial resolution of emulsions is limited by crystal size. On the other hand, the
crystals need to have a certain size in order for ionising particles to be able to reduce
enough silver-halide molecules to create a track inside the emulsion. A compromise needs
to be found based on the experimental requirements. Typically, the spatial resolution is
~ 2um. The price for the high resolution is that emulsions are an offline detector that
cannot be triggered or vetoed. An external tracking detector (scintillating fibres in the
case of is required to record event timing. Its data needs to be matched to the
emulsion data before the actual analysis.

Nowadays, the concept of neutrino oscillation is well-established and characterised
by the Daya Bay [23], [Tokai To Kamioka (T2K)| [24], [Kamioka Liquid scintillation]
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AntiNeutrino Detector (KamLAND)| [41], [SNO] Super{KamiokaNDE] [Oscillation Project]
with Emulsion-tRacking Apparatus (OPERA)| [42], and many other experiments. Daya
Bay and employ the same technique as Reines and Cowan to look for
disappearance of nuclear reactor 7,. The only difference being that they use one big
scintillator tank shielded and vetoed by water and/or mineral oil Cherenkov detectors
instead of multiple tanks in coincidence. [T2K] directs a v, beam similar to the one
of Lederman et al. towards Super{KamiokaNDE]| to look for v, disappearance and 1
appearance over a long baseline. In particular, Daya Bay and [T2K] measured a non-zero
6,3 mixing angle, enabling a potential discovery of [CP| violation in the lepton sector
via neutrino oscillation in matter (see Section [2.2). used an emulsion detector
similar to the one of DONUT]to observe v, appearance in a v, beam.

2.2. Neutrino Oscillation

ArgonCube has been proposed as the component of the [ND] for the long-

baseline neutrino oscillation experiment. Therefore, this section will give a basic intro-
duction to neutrino oscillation.

The root cause of neutrino oscillation is that the flavour eigenstates (v, with a = e, p, 7)
of the three neutrinos are not equal to their three mass eigenstates (v; with i = 1,2, 3).
The mass composition of the flavour eigenstates can be written as

Ve Uy
| = Upmns | V2 | (2-13)
V- V3
where
Upmns (2.14)
Usol X Urea X Uatm X Umaj
1 0 0 013 0 Slge_i(scp 012 512 0 ei% 0
0 023 523 X 0 ' 1 0 X —512 012 0 x 0 ei% 0
0 —Sy3 Cog —Slgeﬂ‘scP 0 Cis 0 0 1 0 0 1

is the [Pontecorvo-Maki-Nakagawa-Sakata (PMNS)| matrix [17, [18]. It can be written
as the product of three rotation matrices corresponding to the three Euler angles in
space, the mixing angles 0,5, 035 and 0y3. In Equation they are represented by
Si; = sint;; and C;; = cos0,;. Due to their first measurement with solar, reactor, and
atmospheric neutrinos, respectively the matrices and angles are often named accordingly.
In addition to the mixing angles there is a Dirac, dcp, and two Majorana Violating
phases, a; and a,. An important feature of the Dirac phase is that it is suppressed for
0,3 = 0, as can be seen from U,, in Equation . The Majorana phases can only
be measured by experiments sensitive to a Majorana nature of the neutrinos, such as
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neutrinoless double beta decay experiments. In neutrino oscillation experiments they
cancel out. Therefore, they are ignored for the rest of this work. An illustration of the
relation between the mass and flavour neutrino eigenstates is shown in Figure 2.1]

The mass eigenstates v; from Equation evolve in time as

i(t)) = e 5 1) (2.15)

where E; is the energy of the mass eigenstate v;. Furthermore, Equation (2.13) can be
solved for v;:

41 Ve
Vo | = UIJLMNS Y] s (2.16)
Vg V-

where UP]L,MNS is the adjoint matrix of Upyns. This leads to

Ve ye
vy | = UpnnsD UIJLMNS Y (2.17)
v, v,
with the diagonal matrix
DZ] = 5Z'j€_iEit, (218)

where ¢;; is the Kronecker delta. The energy can be replaced by a second-order Taylor
approximation,

2

mA
B = /p2+m§%p+21;, (2.19)
assuming the same momentum p for all mass eigenstates. After some further conversions
one obtains
2

P(ve = vs) = (2.20)

Z Uai U;ie_iEit
A

+2 Re{z UpiUsiUsUgie” "% }

i>]

=3 |vaUs:
i
for the transition probability from v, into v5. The phase difference

Ay = (E; - E)t (2.21)
_ Am?jf

2 p

10
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Table 2.1.: Oscillation parameters obtained from a recent global fit for the normal mass
ordering case. The uncertainties are given for 1o. [43]

Parameter Value Unit
019 33.2(12) °
013 8.45(15) °
O3 41.4(16) °
dcp —100(50) °

Am3, 7.45(25) x 107°  eV?

|Am3,| 2.55(5) x 107°  &V?

depends on the mass splitting Am?j = m? — m? In the relativistic case p > m;

momentum can be approximated by energy (p ~ E) and time by baseline (t = ¢t = L).
To improve readability, Upyng was abbreviated by U.

The second term of Equation is of oscillatory nature. This implies that the
frequency of the oscillation is determined by the mass splitting, and the amplitude by
the matrix elements of Upyng, i.e. the mixing angles 05, 013 and 093. A particular
consequence of this is that the observation of neutrino oscillations between all three
flavours proves a finite mass of at least two of the three neutrinos.

It is worth noting two important facts at this point. First, the same result can
be obtained by replacing time propagation e "% with spatial propagation eP* and
assuming equal energy instead of momentum for all mass eigenstates. Second, both
assumptions are wrong from a physics point of view. Furthermore, a plane wave function
is assumed in both derivations, which is also wrong. A wave packet approach is required
to correctly describe neutrino oscillations. However, it can be shown that the plane
wave approximation in conjunction with either an equal momentum or equal energy
assumption leads to the correct result. Both points have been illustrated by Akhmedov
and Smirnov [44].

Despite predicting neutrino mixing and oscillation, the model does not predict the
values of the oscillation parameters. They need to be determined experimentally. The
three-neutrino paradigm described above is well-established and has withstood tests by
many experiments in the last few decades. Table shows the results of a recent global
fit [43]. In particular, it can be seen that the uncertainties on dcp are huge and the sign
of Am3, is not yet known. The latter gives rise to two different orderings of the neutrino
masses as depicted in Figure 2.1} Much higher statistics than were achieved in neutrino
experiments so far are needed to determine these parameters.

Various effects can be exploited to enhance the oscillation probability from Equa-
tion , such as % tuning and matter effects. Tuning of % is trivial to understand
from theory but not so easy to achieve in practice. Originally, neutrino oscillations were
discovered and characterised using solar and atmospheric neutrinos. While neutrinos
produced in the Earth’s atmosphere allow for some % tuning by means of a zenith angle
selection, and similarly via time of year for solar neutrinos, the gain is limited. Much
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Figure 2.1.: The two possible neutrino mass orderings arising from the unknown sign of

Am3;: normal ordering (NO) on the left and inverted ordering (IO) on the

right. Neutrino oscillation experiments can only determine Am?j =m? —m?

j
not the absolute mass scale. Also shown is the flavour content (colour bars)

of the three mass eigenstates.
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Figure 2.2.: [ DUNE] a next-generation long-baseline neutrino oscillation experiment con-
sisting of a neutrino beamline and complex at [FNATJ], and [LArTPC|[FDs|
at [SURF]

more fine-grained control is possible by directing an artificially produced neutrino beam
with a well-defined energy spectrum towards an underground detector at an optimised
distance L.

Neutrino oscillation is different in matter than in vacuum. The neutrinos are coherently
scattered off the shell electrons, similar to the propagation of light through matter. As will
be shown in Section the interactions of v, and 7, differ from the other flavours, they
are possible through an additional channel. Thus, the interaction probability of electron
neutrinos is higher. From Figure 2.1] it can be seen that 1, are primarily present in v,
and vy. Therefore, the propagation of these two is altered while v5 is almost unaffected.
Named after its discoverers, the [Mikheyev-Smirnov-Wolfenstein (MSW)] effect [45,
can be exploited to determine the mass ordering with a properly tuned %

2.3. DUNE

The [Deep Underground Neutrino Experiment (DUNE)| [25/28] is a long-baseline neutrino
oscillation experiment measuring P (V# — Ve) and P(ﬁu — 7, ) planned to start data
taking after 2025. It consists of a neutrino beamline at in Illinois, USA and
[LArTPC]|[Far Detectors (FDs)| at a baseline of 1300km in the [Sanford Underground)
[Research Facility (SURF)|in South Dakota, USA. An artistic view of is shown in
Figure 2.2]

The beamline at [FNATL] produces pions by shooting a pulsed proton beam onto a
graphite target. A variable proton energy of 60 GeV to 120 GeV allows for the production
of different neutrino fluxes. One pulse is called a spill and has a duration of 10ps at
a period of 0.7s to 1.2s, depending on the proton energy. During phase one of the
experiment, each spill will contain 7.5 x 10" protons, resulting in an beam power of
1.03MW to 1.20MW. In the later phase two the number of protons per spill will be
doubled, doubling the power as well as the average number of events per spill in the
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Table 2.2.: Summary of the proton beam parameters for various configurations.
Initially, the beamline will operate with the phase one parameters. Later, it
will be upgraded to support the phase two parameters. The spill duration is
10 s for all configurations. The last column gives the expected total number
of neutrino interactions per tonne of argon and beam spill in the [ND] It is
calculated by multiplying the expected neutrino flux with the cross-section on
argon from the GENIH neutrino event generator. Note that these values are
slightly different from the ones in Table [2.3| because the latter are outdated. In
accordance with [26] most calculations in this work assume the 2 MW 80 GeV
beam, i.e. 0.2 events per tonne of argon and beam spill. Taken from [27, 47].

Phase FE, [GeV] [POT|per spill  Spill period [s] Power [MW] [NDjrate [evt/ts,]

I 60 7.5 x 10" 0.7 1.03 0.078
II 60 1.5 x 10* 0.7 2.06 0.16
I 80 7.5 x 103 0.9 1.07 0.11
11 80 1.5 x 10" 0.9 2.14 0.21
I 120 7.5 % 10" 1.2 1.20 0.17
11 120 1.5 x 10* 1.2 2.40 0.33

‘https://genie.hepforge.org

detectors. A summary of the various proton beam configurations is given in Table [2.2]
In accordance with [26] most calculations in this work assume the 2 MW 80 GeV beam,
i.e. 0.2 events per tonne of argon and beam spill. The produced pions pass through
several focusing horns to enter a decay pipe where they decay to u* (u~) and v, (7,)
according to Equation (2.2]). By altering the polarity of the current in the focusing horns
either 77 or 7~ can be selected primarily, enhancing the v, or 7, content of the beam,
respectively. Alongside the pions a small amount of kaons is produced as well. These in
turn can decay to v, and 7, with a branching ratio of ~ 5% [20], producing a significant
v, (7,) beam contamination. The neutrino beam flux is depicted in Figure Delivered
neutrino flux integrated over time is usually given in [Protons On Target (POT)| because
the effective neutrino flux depends on several factors and can only be precisely assessed
by [Near Detector (ND)| measurements. More information on the beamline can be found
in [26].

The baseline and energy spectrum of are optimised to measure dcp and determine
the mass ordering. Figure shows the (anti)neutrino oscillation probability as a function
of neutrino energy at the DUNE] baseline for normal and inverted mass ordering. In
very simple terms, dcp can be derived from the difference in oscillation probability
between neutrino and antineutrino mode. The [MSWI] effect enhances either neutrino or
antineutrino oscillation depending on the mass ordering, allowing for a determination of
the latter. For more thorough sensitivity treatments, see [43, |48, |49).

Figure [2.4] shows the sensitivities of to determination of the mass ordering
and discovery of [CP] violation. An exposure of 1320 ktMW years is required to reach a
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Figure 2.3.: Muon to electron neutrino (left) and antineutrino (right) oscillation probab-
ility for normal (top) and inverted (bottom) mass ordering (hierarchy in the
figure). The oscillation probabilities are calculated from equation . Ocp
can be obtained from the difference between neutrino and antineutrino mode.
The [MSW] effect enhances the probability in either neutrino or antineutrino
mode depending on the mass ordering, allowing for a determination or the
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Figure 2.4.: Expected sensitivity of to determination of the neutrino mass ordering
(hierarchy, left) and discovery of violation, i.e. dcp # 0 or 7, (right) as a
function of exposure in ktMW years, assuming equal running in neutrino and
antineutrino mode, for a range of values for the 1, and 7, signal normalisation
uncertainties from 5% @ 3% to 5% @® 1 %. The sensitivities quoted are the
minimum sensitivity for 100 % of dcp values in the case of mass ordering and
75 % of dcp values in the case of violation. The two bands on each plot
represent a range of potential beam designs described in : the blue hashed
band is for the reference design and the solid green band is for the optimised

design. For [CP] violation sensitivities true mass ordering is assumed to be
normal but unknown. Taken from .

3o sensitivity for a 75 % coverage of the dcp parameter space. Assuming the reference
design of a 40kt [FD] complex and a 1 MW beam results in a data-taking time of 33 years.
Therefore, a beam > 1 MW is required to reach the sensitivity goal earlier.

Another important feature of Figure [2.4] are the indicated signal normalisation uncer-
tainties. The aforementioned exposure assumes an uncertainty of 5% @2 %. In particular
the second number has a significant influence on sensitivity. A detailed explanation of
this is out of the scope of this work and can be found in . Precise constraints of
neutrino flux rate and shape by means of a (in addition to hadron measurements
with replica targets) are needed to reach the quoted uncertainties. The complex is
placed at a distance of 574 m downstream of the proton beam target. It is important to
have a component employing the same target material and detector technology as the
[ED] i.e. a to eliminate the introduction of further extrapolation uncertainties.

are slow detectors, as will be explained in Chapter [3] This is problematic in
the high-multiplicity [ND] environment of DUNE] Event rates of 0.2 events per tonne of
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Table 2.3.: Estimated number of interactions per tonne of argon in the for
approximately one month (1 x 10% exposure to an (anti)neutrino beam
produced from a primary proton beam of 120 GeV and 1.2 MW. Note that
these rates are slightly different from the ones in Table [2.2] The reason for
this is that the values below are outdated. However, their order of magnitude
is correct and no such detailed breakdown is available for the more recent
values. Therefore, they are presented as a rough estimate for the expected
rates for the different interaction channels. Taken from [26].

Production mode Reaction v, beam 7, beam
cdQy yn — 1 p 30000 13000
NC| elastic v,N — vy, N 11 000 6700
CC||RES yp — W pm 21000 0
CC|[RES yn — purt (pr) 23000 0
CC|[RES 7,p — ppr (n7?) 0 8300
CC|[RES v,n — pinr 0 12000
NC|RES vp — y,pr (n7h) 7000 0
NC|RES yn — yoart (pr’) 9000 0
NC|[RES 7,p — T,pr_ (nm) 0 3900
NC||RES v,n — U,nm 0 4700
CC|DIS N = u X org,N = putX 95000 24000
NC|[DIS N = v, X or7,N = 7,X 31000 10000
CC||COH| =" v, A= pAn” 930 0
CC||COH]| 7~ v, A — AT 0 800
NC|[COH]| 7 A — v, An’ or 7,A — 7, An° 520 450
NC| elastic electron ve —ye orye — e 16 11

Inverse muon decay v,e” — p 1, 9.5 0
Total |CC 170000 59 000
Total [CCHNC 230000 84000

argon lead to significant pile-up (see Table [2.2)). It is for this reason that [26] does not
mention a [ND| component.

2.4. Neutrino Interaction with Matter

Neutrinos cannot be directly detected, they need to pass on some of their energy and
momentum to secondary particles that can be detected, i.e. they need to interact with a
detection medium. This section will give a brief overview of the different types of these
interactions. In general, neutrino interactions are divided into [Charged Current (CC)|
and [Neutral Current (NC)| mediated by charged (W*) or neutral (Z") gauge bosons,
respectively. In a [CC| interaction the neutrino is transformed into its corresponding
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charged lepton while it survives an [NC| interaction. Furthermore, they can be subdivided
according to the type of interaction into |Quasi-Elastic (QE)| [Resonant (RES)| [Deep]
Melastic Scattering (DIS)| and [Coherent (COH)|

is characterised by the reactions

vn — (p and 7p — {n, (2.22)

and the kinematics are similar to those of an elastic collision, hence [QE] Apparent from
the equation above, this can only happen as a [CC| interaction.

The equivalent is an actual elastic interaction of a neutrino with a target nucleon
according to

VEN — VgN. (223)
[RES| involves the excitation of the involved nucleon to a resonant state, e.g.
v.p — W AT = uTprT, (2.24)

where the A™" resonance is too short-lived to be seen by the detectors. There are a lot
of different interactions which all work in a similar manner.

In [DIS] the momentum transfer is high enough to destroy the nucleon. The neutrino
detaches a quark which in turn starts to hadronise and form jets. The reactions are

yN - ¢X or yN — yX, (2.25)

where N is the target nucleon and X a group of hadrons. They happen in a very similar
manner to deep inelastic electron scattering off nucleons.

In a[COH] reaction the opposite happens. The neutrino interacts with a target nucleus
A as a whole but the latter is left intact as a spectator. Instead, an additional particle is
produced. An example reaction is

v, A — v, Ar’, (2.26)

where a pion is produced from a muon neutrino interacting with a target nucleus.
Inverse muon decay,

Ve = v, (2.27)

requires neutrino energies above 11 GeV [26], hence the low rate in Table [2.3
Of particular importance is elastic scattering off shell electrons,

ve~ — ye  or pe — e, (2.28)

which is possible for all (anti)neutrino flavours. For 1, /7,, the interaction is also possible
in the channel via the exchange of a W* boson as depicted in Figures and
This gives rise to a flavour-dependent term in the oscillation probability in matter, the

effect (see Section [2.2).
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Figure 2.6.: (left) and (right) antineutrino electron scattering.

A summary of the expected rates of the different interactions in the [DUNE]ND] is
given in Table [2.3| Figure depicts the cross-section (explained below) of neutrino
interactions as a function of neutrino energy. For comparison, the flux shapes of several
experimentsﬂ are shown (in arbitrary units). The cross-section is split into contributions
from [CC| and interactions. For [CC| the individual contributions from [RES| and
1p1h+2p2h are shown, where xpyh refers to x particles and y holes; i.e. the target nucleus
is missing y nucleons after the interactions. 1plh corresponds to a [CC|[QE] interaction
whereas in 2p2h interactions a virtual meson is exchanged inside the target nucleus, also
called [Meson Exchange Current (MEC), Interactions involving are important
because they can mimic the detector response of [CC|[QE] events.

A brief explanation of the cross-section concept is given here to better understand the
meaning of Figure 2.7, For a beam consisting of particles A incident on a target made of
particles B the rate of the interaction AB — X is given by

Rx = ¢paNpoapx, (2-29)

where ¢4 is the flux of beam particles, Np is the number of target particles, and o5 is
the cross-section. Therefore, the cross-section

Rx

= = 2.30
OABX AN ( )

is a measure for the interaction rate Ry normalised by the number of both beam and
target particles. As flux is given in units of inverse time and area, and interaction rate in
units of inverse time, the cross-section needs to have the dimension of an area.

"The IMain Injector Experiment for v-A| (MINERvA) [50] is a neutrino scattering experiment at
[FNAT] measuring neutrino interaction cross-sections on various target materials. [NuMI Off-axis v
Appearance| (NOvA|) [51] is a neutrino oscillation experiment at [FNAL
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Figure 2.7.: Neutrino interaction cross-section per nucleon as a function of neutrino
energy, from the GENIH neutrino event generator. The cross-section is split
into contributions from and interactions. For the individual
contribution from [RES|interactions is shown, as well as from the sum of 1plh
and 2p2h. The latter two correspond to the channel and interactions
involving [MECH| respectively. Overlaid are the flux shapes of various beam
experiments in arbitrary units. The DUNE] neutrino flux is drawn for the
optimised beam design with an 80 GeV proton beam. Kindly provided by
L. Pickering and C. Wilkinson with flux information from L.

Fields )

‘https://genie.hepforge.org
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2.5. Final State Detection

Particles need to interact with a detection medium to be detected. This section describes
the most important interaction of charged particles as well as neutral particles with
matter. It is focused on charged interactions as these are the most important ones for
. The energy loss per distance or stopping power % is used as a measure of
interaction strength.

The main interaction of charged particles with matter happens on atomic electrons.
That is why for most of these interactions one needs to treat the interaction of electrons
separately. For all other charged particles the stopping power is described by the
Bethe-Bloch formula

1dE Z1[ (2m.2y2p3° 5
—;a = 47TNAr§meCZZQZE [ln<[ - 52 - 5 ) (23]‘)

where
p is the density of the absorber material,

Ny, is Avogadro’s number,

2
1 e
4meg mec

Te = 7 is the classical electron radius using the permittivity of free space ¢,

m, is the electron mass,

z is the charge of the incident particle,
Z is the atomic number of the absorber,
A is the atomic weight of the absorber,

B = < with v the velocity of the incident particle,

FE
2
mgC

v = with F the energy and my the rest mass of the incident particle,

I is the mean excitation energy of the absorber material, which can be approximated by

I=162"%V for Z>1,and (2.32)

0 is a parameter describing the screening of the extended transverse electric field of
relativistic incident particles by the charge density of the atomic electrons of the
absorber.

Equation describes the stopping power of particles with mg, > m, by ionisation and
excitation of the atoms in the absorber material. As the stopping power is proportional to
the electron density and thus the mass density of the absorber material, it is often divided
by the latter. Therefore, Equation more precisely gives the mass stopping power.
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Figure 2.8.: Bethe-Bloch mass stopping power of i in Ar.

The only remaining dependence on the absorber material is % which is &~ 0.5 for most
light materials, and the mean excitation energy which only contributes logarithmically.

Figure shows the mass stopping power of muons in argon, neglecting the g term
for simplicity. As can be seen, there is a broad minimum, which is characteristic of the
Bethe-Bloch formula. Particles in this momentum range are called [Minimum [onising
\Particles (MIPs). They are important for detectors because this energy loss is a measure
for the required energy resolution of a detector. As mentioned, the mass stopping power
only loosely depends on the absorber material and therefore its minimum is

———| ~2MeVemig? (2.33)

for singly charged incident particles on most (light) absorbers. To the left of the
minimum the stopping power rises with a strong 4 dependence. A consequence of this is

a pronounced peak in the energy loss as a function of the travelled distance of a particle
near its stopping point. This Bragg peak is especially important for radiation therapy
with heavy charged particles (e.g. protons). After the minimum the stopping power
rises again with a logarithmic dependence on  and the mean excitation energy of the
absorber I. The reason for this logarithmic rise is the extension of the transverse electric
field of the incident particle in the relativistic regime. Due to increasing shielding of the
transverse electric field by the shell electrons of the absorber materials, taken into account
by the g term, the rise is only asymptotic. For electrons and positrons Equation (2.31])
does not hold because their mass is equal to the mass of the atomic electrons of the
absorber. The stopping power changes further for electrons because the incident particle
cannot be distinguished from its collision partner. On the other hand, a positron will be
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annihilated by an electron upon stopping, which needs to be taken into account as well.
The equivalent of Equation for ¢* can be found in [2].

At high velocities further effects come into play. Bremsstrahlung describes the radiation
energy loss of a fast charged particle in the Coulomb field of the absorber nuclei. It can
be described by

1dE E

where

X, = A (2.35)

4aNLZ(Z + 1) (=) In(18327%)

is the radiation length of the absorber material using

a~

ﬁ , the fine-structure constant, and

m , the mass of the incident particle.

Again, the energy loss is proportional to the density of the absorber and for convenience
divided by the latter. Bremsstrahlung is emitted in interactions of the incident particle
with the absorber nuclei (o< Z?) as well as with the atomic electrons of the absorber
(x Z). By neglecting the latter one obtains the important relation

Xot o« 72 (2.36)

as opposed to the oc Z dependence of the Bethe-Bloch formula. Equation (2.34)) also
2

holds for electrons as long as E > m;—i Looking at the dependence on the mass of the
3

incident particle, one finds “

Xy o< m? (2.37)

using Equation ([2.35]). Therefore, the radiation length of an absorber material is usually
given for electrons, and the relation

m2

XO — X§72 (238)

me
can be used to get the radiation length for any charged particle of mass m. Radiation
losses play a significant role only at energies much higher than the energy of [MIPsl Using
Equations (2.31]) and (2.34)), one can define a critical energy E. by

dF
dx ion

_dE

= 2.39
dx brems ( )

EC EC

at which radiation losses take over from ionisation losses. Similar to the radiation length
the critical energy is proportional to m?. Thus, it is most important for electrons while
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for other particles it becomes significant only at very high energies. If we take an iron
absorber for instance, we get Er = 20.7 MeV and EY = 890 GeV.

At high energies there are additional types of radiation loss taking place, for example
direct electron-pair production and photonuclear interactions. They are not described
here, but their o< E relation similar to bremsstrahlung losses is pointed out. A description
of those effects can be found in [2].

In addition to the processes described above charged particles traversing matter also
undergo scattering in the Coulomb field of the nuclei of the traversed medium. Accordingly,
this process is called [Multiple Coulomb Scattering (MCS) The |Root Mean Square (RMS)|
of the scattering-angle distribution

13.6 MeV 2x x
= — 2/ —|1 . Inl — 2.4
Orus Bep Z’/Xol +0.038 n(XON (2.40)

is defined by the momentum p, velocity Sc and charge z of the scattered particle, and
the thickness of the scattering medium XLO in radiation lengths. The distinct momentum
dependence of this Highland formula can be used to reconstruct the momentum of the
incident particle, provided the angular resolution of the detector is fine enough.

While charge produced in interactions (i.e. ionisation) can be detected directly, light
(i.e. excitation photons and photon radiation) first needs to be converted to charge to
be detected. The three most important interactions converting photons to charge are
the photoelectric effect, Compton Scattering, and pair production. All of them have in

common that they attenuate photon beams exponentially according to

I = Ie ™ (2.41)

where I, and I denote the intensity before and after passing the absorber, respectively.
The thickness of the absorber is given by = and
Na

= o (2.42)

7

is the mass attenuation coefficient, defined by the sum of the cross-sections o; of the
different interaction processes.

At low energies (ionisation energy < E. < 100keV) photons primarily undergo
conversion to charge by the photoelectric effect. The photon is absorbed by an atom
of the absorber, which in turn is ionised and ejects one of its shell electrons. The
cross-section is given by

32\ 3 .
Ophoto = (67> a4ZSUTh’ (243)
where
E
€ = — is the reduced photon energy, and

e
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OTn = gﬂ"l“ez = 6.65 x 107*° cm? is the Thomson cross-section for elastic scattering of

photons on electrons.

For energies ~ 1 MeV, Compton scattering dominates the interaction of photons with
matter. Thereby, the photon is not absorbed by the atom but simply scatters off one of
its shell electrons with the cross-section

I+e1|2(1+¢) 1
UC:QWTEZ{[ = H ey —Eln(1—|—2€)] (2.44)
1 1+ 3e
o In(142) — ——— b, 2.45
Join 20 - -0 (2.45)

obtained from the Klein-Nishina formula. As only part of the photon’s energy is absorbed
while the rest is scattered, it makes sense to divide this cross-section into a scattering
cross-section

E
S—, 2.46
O-CS E,Y ( )

and an absorption cross-section
Ocp = Oc — Ogs (2.47)

where £, and E; is the energy of the photon before and after scattering, respectively.

At E, > 2m.c®, photons are capable of producing pairs of et and e”. Due to
momentum conservation this process can only happen in the Coulomb field of a so-called
spectator particle. The spectator is usually a nucleus of the absorber material because
pair-production in the field of an electron is strongly suppressed. Therefore, the cross-
section of pair-production depends on the shielding of the Coulomb field by the shell
electrons and thus on the proximity to the nucleus. Eventually, this results in an energy
dependence. The cross-section is given by

7 109
Upair = 40(7’322(9 hl 2¢ — 54) (248)
for 1 < e < -1, and
aZ3
7 183 1
O_Dair = 4@7"322 [9 11’1(2;) — 54] (249)

for e > 1.

As mecflztfoned above, for Compton scattering two different cross-sections are defined:
0. for the scattered energy and o, for the absorbed energy. Consequentially, there
are also different definitions of the coefficient i in Equation . Replacing the total
Compton cross-section o, by 0., from Equation (2.47)), one gets the mass absorption
coefficient p,, only taking into account photon absorption processes. While p is more
precisely called the total mass attenuation coefficient.
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An interesting effect takes place for e traversing material at energies higher than the
critical energy E, defined by Equation . In this regime, the energy loss is dominated
by bremsstrahlung for e* and by pair production for photons. This leads to an
cascade or shower where ¢ and ~ produce each other alternately in a self-sustaining
process. The mean free path of a photon before pair production

9

Aprod = §X0 (2.50)
is very close to the mean free path of an e* before bremsstrahlung, the radiation length
Xy. Therefore, the number of particles participating in the shower doubles roughly
every radiation length resulting in an exponential growth. This allows [EM] showers to
be approximated by the following rather simple model. When the average energy per
particle drops below the critical energy, ionisation losses begin to dominate over radiative
losses for e*, and Compton scattering and photoelectric effect over pair production for
photons. At this point the shower reaches its maximum and

EM _ 1“(!%)

M 2.51
B - (251)
is its longitudinal extent in radiation lengths. The Moliére radius
21 MeV
Rt = “x, (2.52)

C

is the transversal extent of the shower. Both tbht and Ry are important benchmarks
for the dimensioning of [EM] calorimeters. Naturally, a photon in the energy range where
pair production dominates will produce a shower as well. On the other hand, x* can
also start [EM] cascades if their energy is high enough to produce bremsstrahlung.
Similarly, hadrons interacting with matter via the strong force can produce cascades
as well. As opposed to the showers governed only by e® and +, the hadronic
process is much more complex because many different secondary particle can be involved.
Hadrons start to shower because they mainly interact inelastically with matter, producing
secondary strongly interacting particles. That is why the hadronic cross-section

Ototal — Oelastic + Oinel (253)

is usually split. From o;,, one can derive the interaction length

A
At = ~———— 2.54
’ NApUinel ( )

which describes the absorption of hadrons in matter according to

x

with the initial number of hadrons N, and number of hadrons N after a distance x of
absorber material. For absorbers with Z > 6 the interaction length is much larger than
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the radiation length X; meaning that hadronic calorimeters usually need to be much
larger than their [EM] counterparts. Experimental data shows that hadronic showers from
a few GeV to a few 100 GeV can be approximated by similar parameters as showers.
The shower maximum is reached at

E
thad — (.91 () 0.7 2.56
a t GeV * ( )

interaction lengths. From this the longitudinal extent containing 95 % is given by

had had E 013
Loy = o + 2.5 =—— 2.57

in interaction lengths again. Transversally, 95 % of the shower are contained within a
cylinder of radius
Rgaé% < /\inta (258)

which is independent of energy and smaller for high-7Z materials [53].
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3. The Liquid Argon Time Projection
Chamber

The [Time Projection Chamber (TPC)|is a derivative of Charpak’s [Multi-Wire Propor}
ftional Chamber (MWPC)| [54], developed by Nygren in the late 1970s [55]. Crossing
charged particles ionise the detection medium, which was gaseous in the original design.
An electric field is applied to prevent the recombination of the ions and electrons. In this
field the electrons drift towards a [2D] readout plane (an in the original design).
The charge readout is triggered by a scintillation light readout, also providing accurate
timing of an event. This allows to measure the time for the ionisation electrons to reach
the readout plane. As the drift speed of charged particles in the detection medium is
constant and provided it is known, the coordinate in drift direction can be calculated
from the drift time.

While gaseous already provide very accurate tracking, they have the disadvantage
that the target mass and thus the cross-section of the detection medium is quite low,
resulting in a low interaction rate. In 1977 Rubbia proposed the usage of
as a detection medium to solve this problem [56]. This requires a cryogenic detector
while gaseous detectors can be operated at room temperature. The type of
investigated in this work is fully emerged in and is called single-phase. A slightly
altered scheme uses avalanche charge amplification to improve the [Signal-to-Noise Ratiol
. As of today, avalanche amplification is only possible with the charge readout
situated in a gas phase above the The details of such a dual-phase design are out
of the scope of this work, they have been described by Aprile et al. [4] for instance.

3.1. Liquid Argon as a Detection Medium

For an efficient particle detection by a several properties of the sensitive medium are
of interest, such as ionisation and light yield, electron-ion pair recombination, dielectric
strength, length scales of [EM] and hadronic interactions, density, transparency to its own
scintillation light, and the boiling point. is quite unique as it has all the necessary
properties while at the same time it is comparably cheap because it is readily available in
the Earth’s atmosphere. A summary of its properties can be found in Table [3.1} Xenon,
for instance, slightly surpasses argon in many aspects but is prohibitively expensive
to build large detectors. A boiling point of &~ 87 K raises the need for strong thermal
insulation and a potent cooling system for [LA1] though the requirements are far less
stringent then for liquid helium. This section outlines the most important properties.
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Table 3.1.: Properties of , taken from [4] where not specified otherwise.

Property Symbol Value Unit
Molar mass I 3.9948 x 10" gmol ™"
Boiling point at 1.01325 x 10° Pa Ty 8.726 x 10 K
Density at T s 1.399 x 10> kgm™®
Dielectric constant [57] Er 1.504

Required energy per electron-ion pair W 2.36 x 10" eV
Required energy per photon Wee 1.95 x 10 eV
Fano factor F 1.07 x 107"

radiation length Xy 1.4x 107" m
Hadronic interaction length Aint 8.37 x 107" m
Peak scintillation wavelength Ascint 1.28 x 1077 m
Scintillation attenuation length Aatt 6.6 x 107! m
Concentration in air by volume 9.34 x 107" %

Two processes are crucial to the registration of ionisation tracks of charged particles
in a[TPC} charge production and transport. The charge production needs to be high
enough to be detectable by the available electronics. This is given by the energy required
to produce an electron-ion pair W;. The W, value of 23.6 €V for is challenging but
manageable with contemporary electronics, as will be shown in Section [3.5] Naturally,
this imposes a lower limit on detectable %.

Free electron transport is mainly influenced by three processes: recombination, diffusion,
and lifetime. The ultimate goal is to collect as much of the produced charge as possible.
Recombination is the main process opposing this. While it can be partially mitigated
by increasing the electric field, it cannot be eliminated completely. Even if that was
possible, it would not be beneficial because the scintillation light needed for the drift
time measurement is partly produced by recombining electron-ion pairs. The relation
between drift field strength and charge yield can be described by the box model [58]. It
assumes that the ion-electron pairs are isolated and initially uniformly populate a box
of a given size. Furthermore, the diffusion of electrons and ions as well as the ion drift
velocity (1 x 10° times smaller than for electrons) are assumed to be negligible. For a
produced charge @)y and a collected charge @) the collection ratio is given by

Q 1
0. € In(1+¢) (3.1)
with a parameter £ depending on the drift field, electron mobility, initial number of
electron-ion pairs, chosen size of the box and recombination coefficient. Figure [3.1| shows
a measurement by [LHEP] of the collected charge in an 8 mm-drift for various
drift field intensities and concentrations of nitrogen mixed into the [LA1]
Ionisation charge clouds will start to diffuse over time due to thermal motion. The
process is characterised by the diffusion coefficient D. In the presence of a drift field
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various concentrations of nitrogen mixed into the The lines represent

box model fits. [59]
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3. The Liquid Argon Time Projection Chamber

longitudinal (Dy,) and transversal (Dt) components need to be treated separately. The
resulting smearing of the ionisation charge cloud after a drift time t is given by

UL/T = Q/2DL/Tt (32)

for longitudinal and transversal diffusion, respectively. Therefore, D has the dimension
of area per time. [60]

A third process affecting charge transport is electron trapping by impurities, the
probability of an electron becoming attached to an atom in the medium. For the argon
itself this is highly unlikely because its outer electron shell is fully populated. This is one
of the reasons why (liquefied) noble gases are a prime choice for Nevertheless,
drifting electrons can be captured by impurities in the argon. Oxygen is particularly
bad due to its high electronegativity. Impurities are therefore often measured in oxygen-
equivalent concentration. Finite purity gives rise to a finite lifetime of free electrons in
the medium.

No(t) = N, (0)e™~ (3.3)

is the charge left after a time ¢ for an electron lifetime 7.
The velocity of the charge drifting in an electric field is related to the mobility u by
v = u(E)E, (3.4)
where 1 in general depends on the electric field and is different for electrons and ions.
This means that the higher the field is, the higher is the charge velocity and thus the lower
the drift time. Drift times need to be kept low for multiple reasons. One of them are the
aforementioned impurities. A low lifetime caused by a high impurity concentration can
be partially compensated by a higher field. Increasing the drift time in an experiment
exposed to high rates of cosmic radiation will increase pile-up, i.e. the number of events
simultaneously present in the detector. Pile-up in turn complicates event reconstruction.
On the other hand, the readout electronics need to be fast enough to guarantee the
required spatial resolution in the drift coordinate, defining an upper limit for the drift
velocity. A reasonable value from a purity point of view is a drift time of ~ 1 ms. For
a detector size of ~ 1m the required drift speed is ~ 1 mmpus™ !, requiring a field of
~1kVem ™.

A drift field of 1kV cm ™ becomes challenging in detectors much larger than 1 m due to
the high required cathode voltage. Soon after entering R&D, the group
realised that the reported dielectric strength of is much lower [29] than measured by
Swan et al. in 1960 [30, [31]. It turned out, opposing the assumption of Swan et al., that
the dielectric strength is not independent of the absolute dimensions of the electrodes.
This led to a very detailed study of breakdowns in in the course of this thesis, which
will be presented in Section

3.2. Electric Field Generation

For charge separation and drift an electric field of ~ 1kVem™ is needed inside the

fiducial volume of a [LArTPC|l An easy way to achieve this is by means of field-shaping
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Figure 3.2.: Relative voltage (U/U,, top) and longitudinal electric field (E/FE,, bottom)
obtained with a Greinacher multiplier as a function of relative drift coordinate
z/z, for different charging states ¢/7. The dark blue curves correspond to a

fully charged Greinacher circuit.
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3. The Liquid Argon Time Projection Chamber

rings fed by a resistive divider between cathode and anode. The drawback is the need for a
feedthrough capable of withstanding the full cathode voltage. An alternative is to generate
the [HV] inside the cryostat, for instance using a Greinacher voltage multiplier circuit as
the one used for the ARGONTUBE experiment at [62]. A Greinacher multiplier
works by pumping up a cascade of capacitors and diodes using a [High Frequency (HF)|
source. While the voltage generation worked well, this approach proved to be impractical
because the [HF] charging voltage interfered with the charge readout and therefore had
to be turned off during data-taking. Charging a Greinacher circuit is an asymptotic
process, as can be seen in Figure [3.2] It depicts voltage and resulting electric field as a
function of drift distance for various charging states. The characteristic charging time 7
of ARGONTUBE was ~ 10 min. Due to leakage currents and protection resistors the
circuit needed frequent recharging: approximately 1 min every 15min. This caused a lot
of detector down time, making a Greinacher circuit impractical for physics experiments.
More information on the ARGONTUBE Greinacher multiplier can be found in [5], 61,
63].

3.3. Charge Readout

Classically, the charge readout of a is done using wires with a diameter of
~ 0.1lmm. One wire plane delivers a projection of the ionisation tracks in the
detection medium. This has two consequences:

1. At least two parallel wire planes are needed to be able to reconstruct the BD] event
topology.

2. In theory, the more complex the event topology, the more planes are required to
fully reconstruct it.

Multiple wire planes can be realised by operating only the last one (in drift direction)
in charge collection mode. All the preceding wire planes are biased in such a way that
they are transparent to the incoming charge but pick up an induction signal during the
passage of the latter. A typical number of wire planes for currently operational detectors
is three, tilted at 60° w.r.t. each other.

3.4. Light Readout

Drift time needs to be measured to calculate the distance the charge has drifted along
the electric field (i.e. the space coordinate perpendicular to the readout plane). The
|Acquisition (DAQ)| can record the time of the arrival of the charge at the readout plane.
What is missing is the time of charge production. It can be acquired by registering the
scintillation light produced alongside the ionisation of the detection medium. Contem-
porary detector designs employ for this purpose. are a well-established
technology with a high quantum efficiency and fast response, but they require a lot of
space.
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3. The Liquid Argon Time Projection Chamber

A photon impinging on a[PMT]is converted to an electron by a photocathode covering
the sensitive surface of the PMT] These photo cathodes have a limited absorption
spectrum. In particular, the scintillation light of does not fall inside the spectra
of most photocathodes. That is why the [Vacuum UltraViolet (VUV)|scintillation light
needs to be converted to the visible range, where it can be efficiently detected by a[PMT]
|TetraPhenyl Butadiene (TPB)|is a widespread [WaveLength Shifter (WLS)| capable of
achieving this. A common setup consists of coating either the [64] or a surface in
front of it [32] with [TPB|

3.5. Charge Readout Electronics

This section gives an overview of charge readout electronics from the physics perspective.
A more detailed review will be given in Section [£.7] Using Wj, the energy required
to produce one electron-ion pair, from Section and assuming a in (see

Section one gets

dQ _ @ vip, _ 210keV mm

dz W, 23.6 eV

e~ 8900emm ' ~ 1.4fCmm*

as a rough estimation for the charge yield. This calculation does not incorporate
recombination, diffusion, and charge lifetime, meaning that in a real experiment the
value will be even lower. The result is that the readout electronics need to be capable of
detecting ~ 1fC charges.

That is why the charge signal needs to be amplified before digitisation. This is achieved
by means of an integrating amplifier, converting the charge to a voltage. Early
designs used preamplifiers outside the cryostat at room temperature. From a noise point
of view though it is beneficial to put the amplifiers inside the cryostat submerged in
for two reasons. First, the closer to the source the amplifier is located, the shorter are
the low-signal lines, resulting in less pick-up noise. Besides, shorter signal lines introduce
less parasitic capacitance, reducing noise further. Second, the temperature-dependent
Johnson-Nyquist noise of the amplifiers is reduced at cryogenic temperatures. Section [4.7]
provides a more detailed treatment of noise in charge readout electronics.

For the same reasons it makes sense to operate the entire analogue signal chain at
cryogenic temperatures. This would also help eliminate ground loops, which can pick up
noise inductively or provoke self-oscillation of the analogue signal circuitry. However, it
is not easy to operate electronics at cryogenic temperatures. Usually, a complete redesign
of the circuit is necessary due to most components operating outside their guaranteed
temperature range. For some complex active components like the amplifiers and digitisers
even a redesign of the [Integrated Circuit (IC)| might be necessary. On the other hand,
placing the digitisers too close to the readout might result in elevated noise levels due to
the digital clocks coupling into the analogue signal path.

The requirements on the electronics are given by the required sensitivity of the detector.
The necessary bit depth of the digitisers is given by the required dynamic range, i.e.
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3. The Liquid Argon Time Projection Chamber

the minimum and maximum amount of charge the readout needs to be able to register.
While the spatial resolution in the two coordinates parallel to the readout plane is given
by the pitch of the electrodes, the accuracy of the third coordinate is given by the timing
accuracy. This in turn depends on three properties: the timing accuracy of the light
readout, the sampling time of the digitisers, and the peaking time of the preamplifiers.
Peaking time is the time needed until the output of the preamplifier reaches its maximum
(peak) for a delta pulse input.

3.6. Challenges of Future Detectors

To accomplish the physics goals of future neutrino detectors, outlined in Chapter 2 much
higher statistics than with today’s experiments are necessary. There are two obvious
ways to do this: Increase beam flux and/or detector size. Scaling up a brings
several challenges, in particular for the drift [HV] and wire readout planes.

For a constant drift field cathode voltage scales with the size of the detector in drift
direction. This in turn increases the required clearance distance between the cathode
and grounded components. Where the cathode is close to the vessel this inevitably
leads to more dead volume that cannot be used for particle detection. The situation is
worsened by the fact that an increased drift distance also results in an increased drift time
for the same field. This can either be compensated by increasing the charge lifetime and
thus the purity accordingly, or by increasing the drift speed and thus the drift field.
In summary, for a constant purity the cathode voltage scales more than linearly
with detector size in drift direction.

Further problems are associated with the classic wire readouts employed in [LArTPCE,
such as mechanical construction and event pile-up. One of the mechanical requirements
on a wire readout is that it should be as planar as possible. Sagging wires caused by
insufficient mechanic tension lead to distortions in spatial reconstruction. For large
detectors, possessing thousands of wires on a single frame, this becomes quite challenging.
Every wire that has a slight deviation in tension from its neighbours will start to sag. This
is worsened by the fact that the construction needs to withstand extreme temperature
gradients during detector cool-down and warm-up.

The second problem of wires, event pile-up, is a consequence of the increased flux
required for future experiments. It is rooted in the way event reconstruction works for
wires. As mentioned above, wire planes do not produce real [3D] event topologies but
rather multiple projections. In order to achieve true events they need to be
disentangled from the projections. If an event is complex enough, this cannot be
done unambiguously with a limited number of projections. The problem is especially
serious in case of a [ND| The envisioned DUNE]|[ND] for instance, is expected to see
0.2 neutrino events per tonne of argon and beam spill (see Table [2.2)).

On top of the event reconstruction problems event pile-up also poses a challenge for
trigger accuracy. In a monolithic detector the scintillation light produced alongside the
ionisation charge scatters across a large volume, triggering a big portion of the light
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3. The Liquid Argon Time Projection Chamber

readout system. Thus, matching a scintillation flash to the corresponding charge to get
the correct timing of the event is a non-trivial task.
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4. Experimental Studies on High
Voltage, Charge and Light Readout

Chapter [3] gave an overview of the traditional design and concluded with the
challenges such a design will face in future experiments. This chapter comprises several
studies of these challenges and potential solutions. First, an in-depth study of the
dielectric strength of and the implications on the drift [High Voltage (HV)| systems
and design in general are presented. Then, the theory of a pixelated charge
readout and the resulting requirements for new charge readout electronics are discussed.
Finally, a new light collection system based on cold coupled with a light trap is
introduced.

4.1. Study of Electric Breakdowns in Liquid Argon

During the commissioning and operation of the ARGONTUBE detector demonstrator [62]
at it was found that the dielectric strength of was much lower [29] than
predicted by earlier studies [30, 31]. Subsequently, I conducted a detailed study of
dielectric breakdowns in[LA1] including high-speed footage, current-voltage characteristics,
and optical spectrometry. The results are presented in this section, they have been
published in a paper [6], of which T am corresponding author.

The setup used in this study is very similar to the one described in [29] and is shown
in Figure [£.1] A spherical cathode and a planar anode form the discharge gap. Three
different diameters of the cathode sphere were tested: 4cm, 5cm, and 8 cm. Two types
of surface treatment were used in the cathode preparation, namely mechanical fine-
polishing and electro-polishing. For the anode mechanical fine-polishing was used for all
measurements. The anode-cathode gap width can be set in the range of 0 mm to 100 mm
with a precision of 0.3mm. An example of the field distribution in the setup is shown in
Figure [£.2] The field map was calculated using the COMSOL [Finite Element Method]
paclog]

The argon purity after filling was estimated with a small (according to the
method described in [65]) to be ~ 1ppb of oxygen-equivalent impurity concentration.
More details on the setup can be found in [29).

The control circuit of the Spellman SL130PN150 [HV|[Power Supply Unit (PSU)| [66]
outputs two low voltages proportional to the voltage and the current at the output,
respectively. These voltages are recorded with a Tektroniz DPO 3054 digital oscillo-

1https ://wuw.comsol.com
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Figure 4.1.: Experimental setup used for the breakdown studies. Left: feedthrough
with spherical cathode. Middle: feedthrough before insertion into the cryostat.

1. ground shield; 2. ribbed [PET-C| dielectric; 3. spherical cathode; 4. anode
plate sitting on a tripod on the grounded cryostat bottom; two of the tripod
legs are insulated while the third one contains a 50 {2 shunt resistor. Right:
linear translation unit used to set the cathode-anode gap width (5).
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Figure 4.2.: Calculated electric field amplitude map for the test setup with —100kV at
the cathode and a cathode-anode distance of 1 cm.
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Figure 4.3.: Electric schematic of the experimental setup. The oscilloscope is connected
to the control circuit of the [HV] power supply and to a shunt resistor on the
ground return path. Discharge voltage and current can be derived from the
recorded voltages.

scope controlled by a LabVIEWﬂ program. The output polarity of the can
be switched by replacing the output [HV] multiplier module. To measure the discharge
current a 50 () shunt resistor is placed between the anode plate and the vessel ground,
which is connected to the ground return of the [PSUl The voltage drop across the shunt
resistor is transmitted to the oscilloscope via a matched coaxial line. Figure shows
the equivalent electric schematic of the setup. The voltage at V., corresponds to the
[PSU] output [HV] divided by a factor Kvy; the voltage at I, is related to the [PSUJ output
current. However, according to the manufacturer of the [PSU] an accurate reconstruction
of the output current for frequencies above 100 Hz is not possible because of a filtering
circuit in the current control loop. Therefore, only the voltage drop across the shunt
resistor is used for the measurement of the discharge current.

2ht'cps ://www.ni.com/labview
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Table 4.1.: Summary of the measured parameters of the test circuit.

Parameter Value Unit
Ky 42.3x107°

Rshunt 50 Q
Ry 200 MQ
Cgap 370 pF

The oscilloscope is triggered by the channel connected to the shunt resistor. The
breakdown discharge current is composed of the output current of the [PSU] and the

discharge current of the setup capacitance Cy,y,, as Igap = Loyt + Coap d‘gffp. To limit the

[PSUJoutput current an additional resistor Rhmg ig inserted into the [HV]output circuit. The
measured values for the circuit parameters are summarised in Table .1 The knowledge
of these parameters allows the calculation of the voltage across the gap during breakdown.

In addition, the setup is equipped with an AOS Technologies S-PRI high-speed
camera [68] to observe the development of the discharge. The camera is capable of
recording 700 x 400 pixel [Red Green Blue (RGB)| images at 1230fps. The camera
comprises a frame ring buffer and is triggerable by an external [Iransistor-Transistor|
Logic (TTL)| pulse. This allows a synchronous recording of the visual appearance of
the discharge and its current-voltage characteristics. The camera is triggered from the
trigger output of the oscilloscope. The luminous part of the discharge is analysed for
each frame of the recorded sequence.

The camera is mounted above a 5cm diameter glass view port, located at the top
flange of the cryostat, and is looking downward. To observe a discharge from the side a
glass mirror plate is installed at the edge of the cathode plane, located 20 cm from the
cathode in such a way as to not perturb the electric field in the discharge gap.

Finally, a custom built optical spectrometer is used to analyse the light emission of the
discharges. The spectrometer is connected to an optical fibre entering the cryostat with
its other end attached to the anode plate. The fibre is aligned such that its end directly
faces the discharge gap, resulting in a high angular acceptance. As will be shown, the
discharge emission spectra provide a better understanding of the processes at different
stages of the discharge. This is due to the fact that the emission spectra of excited
neutral, singly-ionised, and multiply-ionised argon atoms lay in different regions of the
visible spectrum.

The possibility of creating gas bubbles near the discharge gap is inhibited by keeping
the pressure in the inner vessel at 100 mbar above atmospheric pressure, plus an additional
100 mbar due to the hydrostatic pressure. The outer bath is opened to the atmosphere,
thus keeping the inner vessel temperature constant and well below the boiling point. No
boiling was detected anywhere near the discharge gap region during the measurements.

In earlier measurements [29] sporadic discharges were experienced across the ribs
of the dielectric of the [HV] feedthrough. It was possible to suppress these discharges
completely by rising the level of the by about 20 cm. This improved the cooling
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Figure 4.4.: Recorded camera image sequence for a breakdown from a 5cm diameter
cathode at —100kV and 8.8 mm from the anode plate. The sequence is taken
at 1250 fps, each frame takes 0.8 ms.

Table 4.2.: Summary of the breakdown measurement runs.

Run  Ogpperelcm] Surface fin- Sphere po-  Events  dgapmm]  Viieardown KV]

ish larity

1 4 Mech. pol- Cathode 1086 0.5 to 8.0 3 to 130
ished —

2 5 Mech. pol- Cathode 900 0.2 to 12.0 2 to 130
ished —

3 8 Mech. pol- Cathode 2434 0.1 to 70.0 1 to 130
ished (—)

4 5 Mech. pol- Anode (+) 102 4.0 to 5.0 5 to 114
ished

5 5 Electro- Cathode 1141 0.1 to 10.0 1 to 130

polished (—)
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of the feedthrough and reduced bubble production near the bottom of the feedthrough
grounded shield, placed 60 cm below the liquid surface.

The measurement campaign comprised 5 runs with a total of more than 5000 measured
discharges, for various sphere diameters, surface treatments, and polarities. A summary
is shown in Table 4.2l A typical recorded camera image sequence for a breakdown
from a 5 cm diameter cathode at —100kV and 8.0 mm from the anode plate is shown in
Figure The movie can be found as moviel.webm in the ancillary ﬁleﬂ of [6].

Figure [£.5] shows the current and voltage features of a similar breakdown from a 4 cm
diameter cathode at 6.0 mm from the anode plate. The current was directly measured
by observing the voltage drop across the shunt resistor while the voltage was obtained
by integrating the current, taking into account the gap capacitance, protection resistor,
and output voltage of the power supply. Using the measured values of Table for
capacitance and resistance results in a negative voltage at the end of most discharges.
This is an unphysical result, as can be seen in the top plot of Figure The behaviour
may be attributed to poor knowledge of the effective values of the current-limiting resistor
and the setup capacitance in the frequency domain of the discharge. In order to better
approximate these parameters they are tuned in such a way that the minimum voltage
approaches zero for a maximum number of discharges. The best result was achieved by
lowering the resistance by a factor of 1.7 and increasing the capacitance by the same
factor. Interestingly, this result leaves the RC characteristics of the system unchanged.
The bottom plot of Figure shows the result obtained by using the tuned values for
capacitance and resistance.

Most of the discharges are localised in the area of high field concentration between
the tip of the sphere and the anode plane. However, in rare cases the discharge is
initiated far from that region, sometimes at the side surface of the sphere. An example
of such a discharge is shown in Figure and the corresponding movie can be found as
movie2.webm in the ancillary ﬁleﬁ of [6].

As shown in [69, [70], experimental data on breakdowns in liquefied noble gases
suggests the following dependence for the maximum breakdown field: E,,, = CAP?,
where C' is a material-dependent constant, A is the stressed cathode area with an electric
field intensity above 90 % of its maximum, and p ~ —0.25. Figure combines data
available in literature with data obtained from the measurements in this thesis and earlier
measurements performed at LHEP] Each data point is the mean value of all measurements
of one run taken at the same gap distance and therefore stressed area. The global best fit
gives the following values for the parameters: C' =139 £ 5 and p = —0.22 + 0.01. The
statistical uncertainties represented by the error bars (smaller than the marker where
not shown) are small compared to the unknown systematic uncertainties. Indications for
this are the high spread of the points around the fit line and the high reduced chi-square
of 7283.

Figure [4.§ shows the recorded spectra of a typical event. The spectra are integrated
over 1 ms and approximately correspond to frames 3 (blue) and 8 (red) in Figure [£.4]

3https ://arxiv.org/src/1512.05968v2/anc/moviel . webm
4ht'cps ://arxiv.org/src/1512.05968v2/anc/movie2.webm
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Figure 4.5.: Measured current through the gap (black) and voltage across the gap
(magenta) for a typical breakdown at 6.0 mm distance between a 4 cm dia-
meter cathode and the anode plate. The top plot shows the voltage obtained

using the measured values of the protection resistor and the gap capacitance
while the bottom plot uses the tuned values.
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Figure 4.6.: An image of the streamer stage of the discharge, initiated at the side surface
of a 5cm cathode sphere at —121.5kV and 8.0 mm from the anode plate.
The cone of electrons emitted from the streamer tip towards the anode (lower
edge of the image) produces a bright orange luminescence in .
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Figure 4.7.: Breakdown field versus stressed cathode area. The stressed area A is defined
as the area with an electric field intensity greater than 90 % of the maximum
electric field intensity in the gap. The fit line represents the dependence
E ue = CAP with C =139+ 5 and p = —0.22 £ 0.01. The colours corres-
pond to different cathode sphere diameters while the marker styles correspond
to different oxygen-equivalent impurity concentrations. Data taken from
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Figure 4.8.: Spectra of the field emission cone (blue) and the streamer (red) for a break-
down from a 4 cm diameter cathode at —56.2kV and 3.0 mm from the anode
plate. The spectra were integrated over a time of 1 ms with the spectrum of
the streamer taken 2ms after the spectrum of the cone. The blue curve is a
broad continuum, similar to the scintillation spectrum of while the red
curve features a distinct peak around 700 nm, which is attributed the the
3p°4p-3p°4s transition of neutral argon gas.

Three phases of breakdown development can be distinguished from the observation of
the emitted light spectra and discharge appearance: field emission, streamer, and spark.
The first phase starts with the field emission of electrons from a point of the cathode
metal surface. The emitted electrons drift towards the anode, ionising and exciting argon
atoms. Frames 2 and 3 of Figure [£.4] the broad current peak of the current in Figure
and the blue curve in Figure show the development of the emission. Evidence for
the presence of ionisation comes from the analysis of the emission spectrum in the cone
formed by drifting electrons.

The emission of light by charged particles drifting in noble liquids under the influence of
an electric field (electro-luminescence) has gained great interest lately. Recent studies in
this field are well covered by [71H73] and references therein. The red electro-luminescence
(the peak around 700 nm of the red curve in Figure produced by electrons drifting
in argon gas is attributed to the 3p°4p-3p°4s transition of neutral argon || The
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Figure 4.9.: Increasing brightness of the electro-luminescence cone as it develops towards
the anode. The line represents the exponent with a fitted avalanche mul-
tiplication parameter ov = (0.15 £ 0.03) mm ' for gap conditions: voltage
V = 54.0kV across a gap of 7.0 mm, cathode diameter of 4 cm, maximum field
in the gap Fpa = 96.1kVem™ | mean field in the gap (E) = 87.0kV cm ™.

energy needed for the excitation of the electrons from the ground state to the 3p°4p
states in argon gas is 12.9eV to 13.5eV. The ionisation potential of is 13.84eV .
For the condensed state only the scintillation spectrum under ionisation by high-energy
charged particles has been described in literature so far [75]. The electro-luminescence
spectrum measured (blue curve in Figure exhibits a broad continuum, similar to the
scintillation spectrum. However, the centre value at about 580 nm does not correspond
to any of the electron transitions of neutral, singly-, or doubly-ionised argon atoms. The
nearest candidate for such an emission is the residual oxygen with its strong 557.7 nm
emission line. However, if attributable to oxygen, this line has to be observed also at the
later stages of the discharge, which does not take place in the measurements.

The broad width of the spectrum could be explained by smearing the energy levels
into bands due to inter-atomic interactions in liquid and by the formation of exciton
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Figure 4.10.: Spectrum of the spark for a breakdown from a 4 cm diameter cathode at
—39.7kV and 4.0 mm from the anode plate. The spectrum was integrated
over a time of 1 ms.

clusters [76 77]. If the energy band structure of excitons in is continuous, as
suggested by the scintillation spectrum, there might be a significant overlap of the band
corresponding to the 3p°4p atomic levels and the conduction band above 13.84 V. The
presence of an observable emission at about 580 nm, in this case, is therefore inevitably
linked to a presence of ionised states.

Another signature of avalanche ionisation in this phase of the breakdown is the
increase of the cone brightness as it develops from the cathode towards the anode.
Figure [4.9)shows this increase together with the fitted avalanche multiplication parameter
a = (0.1540.03) mm ™ for the following gap conditions: voltage V = 54.0kV across a
gap of 7.0mm, cathode diameter of 4 cm, maximum field in the gap E . = 96.1kVcm™?,
mean field in the gap (F) = 87.0kVcem™'. To calculate the emission intensity the raw
values of all pixels of the camera image in a row perpendicular to the cone direction
were summed up. The distance from the cathode can be derived from the known gap
distance. The given statistical uncertainty of a was obtained from the fit. As only one
measurement was taken, it is not possible to state anything about unknown systematic
uncertainties (for instance the calibration of the camera).

49



4. Experimental Studies on High Voltage, Charge and Light Readout

As suggested in [29], positive ions produced by the avalanche ionisation drift towards
the cathode, raising the surface field and provoking a rapid increase of the field emission
current to ~ 1 mA. Ions bombarding the cathode surface raise the local temperature and,
after 1 ms to 2ms, the liquid near the initial discharge point transitions to a gas phase,
forming a bubble. Both the first and the second avalanche multiplication coefficients are
a few orders of magnitude higher in gas than in liquid. Therefore, the ionisation density
in the gas bubble quickly rises along with the conductivity of the formed plasma. This
leads to a decrease of the electric field in the close vicinity of the field emission point,
and to the suppression of a further growth of the field emission current. Accelerated
electrons of the gas plasma hit the gas-liquid interface, forcing the bubble to elongate
and grow into a streamer-like filament. In the region behind its head this streamer is
collapsed to a diameter below 200 um (the spatial resolution of the camera) by surface
tension and electrostriction forces. This second phase of the discharge is characterised
by the growth of the streamer in [LA1 In Figure (frames 4 to 10) one can see the
development of such a streamer. Unlike the electrons in the first phase the streamer
does not follow the electrostatic field lines but it rather meanders around their direction,
being subject to thermodynamic fluctuations at the tip of the growing streamer, where
the liquid-gas transition occurs. The spectrum of the light emitted by the streamer has a
distinct line at about 700 nm, a characteristic feature of plasma in argon gas.

Finally, when the streamer reaches the anode, a short peak of light emission is registered
(frame 11 in Figure with the blue-green spectral component dominating (Figure .
This phase is characterised by an acoustic shock and a massive production of gas bubbles
in the region of the discharge. These effects are typical for an arc discharge in argon gas.
The spectrum of the light emission in this phase is shown in Figure [£.10]

As demonstrated in [75], the transition from the liquid phase to the gas phase for
scintillation manifests itself by the appearance of sharp spectral lines while in liquid the
emission spectrum is continuous and without features. This behaviour is also suggested
by the two spectra in Figure While the spectrum is continuous during the field
emission phase, there is a distinct peak at around 700 nm several ms later.

It is worth mentioning that not every streamer results in a spark phase. For those
streamers started from the side of the cathode sphere the charge needed for streamer
growth might exceed the total charge available in the system. Such streamers extinguish
before reaching the anode without an acoustic shock or any other additional effects.
On the other hand, in some cases the filament quickly transits to a third stage before
it reaches the anode. One possible explanation for this is that, if the filament current
exceeds a given threshold, the filament loses its thermodynamic stability and expands
into a gas bubble, in which the arc discharge quickly develops.

In Figures to several correlations of measured and calculated parameters
of the breakdowns are shown. For some of these plots 18 events were selected with
recorded current characteristics similar to Figure 1.5} As a comparison, the bottom plot
of Figure shows the data of all events with current characteristics, including events
not possessing a distinct plateau as the one visible in Figure [1.5. The reduced number of
events compared to Table arises, on the one hand, because the shunt resistor was
installed only in the last run and, on the other hand, since the resistor was damaged
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the selected events with distinguishable slow streamer phase (top) and for
all events with recorded current characteristics (bottom). The red line
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Figure 4.14.: Correlations between plateau current IPlateau and peak current IPeak for
the selected events.

after the events shown in the bottom plot of Figure [£.11] The low number of events in
the selection is due to the fact that an automated analysis of the current characteristics
can only detect very long streamers. This also explains the behaviour of the charge in
Figure [£.11} The selected streamers last for several ms, almost always consume the whole
charge in the system, and then cease without transitioning to a spark. The slight excess
in charge compared to the charge in the gap capacitance (red line) is likely supplied
by the [PSU]| before tripping. Contrary to this the bottom plot showing all the events
contains many events that do not consume all the stored charge and result in a spark.
The good match between the red curve and the data points serves as a cross-check of the
tuned capacitance.

Figure 4.12| shows the behaviour of the peak current versus the breakdown field,
suggesting a proportionality between the two with a coefficient of about 60 pA cm kV ™.
The field was calculated by dividing the breakdown voltage by the gap distance. Therefore,
this is a mean value along the shortest path and only an upper limit for most of the
selected events because the streamer often emerged from the side of the sphere.

Figures [4.13] and show the correlation of the current during the streamer phase
(the plateau in Figure with the breakdown field and peak current, respectively. The
plateau current clearly rises with both breakdown field and peak current. Together with
Figure this indicates that for higher fields higher currents flow during the field
emission phase as well as the streamer phase. As mentioned above, the plateau current
could only be reliably detected for the selected events, which is why these plots are not
shown for all events.
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Figure 4.15.: Correlations between minimum streamer velocity vStreamer and maximum
breakdown field F for the selected events with a distinguishable slow
streamer phase.

Finally, Figure depicts the dependence of the streamer velocity on the breakdown
field. Again, the velocity is only a lower limit as it was calculated by dividing the gap
distance by the duration of the streamer, which is not correct for streamers emerging
from the side of the sphere. There are two distinct types of events: While the selected
streamers are rather slow (velocity ~ 300 mm s~!, independent of the field), the whole
data set contains much faster events with the total time in the ns scale (not shown). The
knowledge of the streamer velocity can be applied in the design of protection circuits
for future [LArTPCg. If a breakdown condition is detected during the streamer phase,
the can be killed prior to a disruptive spark phase potentially damaging sensitive
detector electronics.

4.2. A Method to Suppress Electric Breakdowns in
Liquid Argon

As a result of the thorough characterisation of breakdowns in a method was
developed to suppress them by coating [HV] components with latex. It was possible to
increase the voltage by a factor of 10 using this technique. This study has been published
in [7].

The setup was the same as the one used to study the breakdowns, described in
Section .1} Additionally, the cathode sphere was coated by a layer of polymer. In order
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Table 4.3.: Summary of the breakdown test measurements with 200 pm and 450 pm thick
polyisoprene layers deposited on 5cm and 4 cm diameter spherical cathodes,
respectively.

dgapmm]  Eyax [k\/ cmfl} Dspherelcm]  Polyisoprene thickness [pm| Breakdown

5.0 298 4 450 no
4.0 358 4 450 no
3.0 412 4 450 yes
3.0 296 ) 200 yes

to effectively suppress electric breakdowns the coating needs to have a high dielectric
strength while at the same time staying elastic at cryogenic temperatures (87 K for a
detector). Furthermore, the excess electron mobility of the coating needs to be
significantly lower than the one of [LA1] If this is the case, electrons emitted by the
cathode via field emission can accumulate inside the coating layer and in turn locally
reduce high fields and thus quench the field emission.

Natural polyisoprene (latex rubber) is a polymer that satisfies the above requirements.
Its dielectric strength is reported to be in the range of 1MV em™ to 2MVem™' [78],
its dielectric constant is 2.1 which is close to the 1.6 of [LA1] and its room temperature
resistivity is 1 x 10'"® Qem. A polyisoprene layer of several 100 um can be deposited on
the sphere by dipping the latter in purified latex milk. After drying at room temperature
the coating is leached in deionised water for several hours and finally vulcanised at
70°C for one hour. Leaching is needed to remove all soluble pollutants contained in
natural latex while the vulcanisation increases the tear strength of the coating. Like
this the polyisoprene layer keeps its integrity and does not crack even after multiple fast
cool-down and warm-up cycles to 87 K and back to room temperature, respectively.

In the first measurement a 4 cm cathode sphere coated with 450 pm of polyisoprene
was used. The test was started at a cathode anode gap width of 5mm and the voltage
was ramped up from 0kV to 130kV at 50 Vs™'. After no breakdown could be observed
for several hours, the gap width was decreased to 4 mm. The voltage was ramped down
for the gap adjustment and ramped back up afterwards. Again, no breakdown occurred
for several hours and subsequently the gap was decreased to 3mm. During the third
ramp-up there was a breakdown at 112kV. This corresponds to a maximum electric
field intensity across the gap of 412kV em ™", which is more than one order of magnitude
higher than the required value to provoke breakdowns from an uncoated cathode [6, 29].
A summary of the results is given in Table [4.3]

4.3. High Voltage Summary
A study of the visible light emission by electrical breakdowns in was performed, near

its boiling point with cathode-anode distances ranging from 0.1 mm to 10.0 mm with a
spherical cathode and a planar anode geometry. Three distinct discharge development
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phases were identified by observing the discharge appearance and the time development of
the visible light emission. The dependence of several breakdown parameters on the critical
field was also studied. For the first time it was found that the streamer propagation
velocity is about 300mm s~ and independent of the field intensity. The streamer phase
is characterised by a current peak between 5mA and 15mA depending on the breakdown
field, followed by a plateau at an approximately ten times lower current level.

The deposition of a few hundred pm thick polyisoprene (latex) layer on the surface
of the cathode serves to efficiently suppress field emission of electrons from the cathode
surface. As a result, significantly higher electric field intensities can be reached for
cathode-ground distances of several mm. A field strength as high as 412kVem ™" was
reached. This solution enables the operation of with a volume outside
the electron drift region much smaller compared to with non-coated [HV]
components.

However, it was also found that the employed latex coating is very fragile. In particular,
it loses its protective function after a single breakdown. This makes an application in
a physics experiment impractical. Currently, a safe operation can only be
guaranteed by keeping electric fields below 40kVem ™' at all points in the detector.
Therefore, either low cathode voltages or large inactive volumes around the cathode are
required.

4.4. A More Robust Approach to TPC Readout Wires

As outlined in Section [3.6] classical wire readouts pose two big challenges to future
[CArTPCk: ambiguities and mechanical stability. A possible solution to the mechanical
problems with wires is to not use actual wires but instead print thin coper tracks on
a support structure. I investigated this solution and provide a proof of concept in this
section.

In a classical wire readout plane the induction signal is produced by drifting the charge
through one or multiple induction wire grids. With the proposed scheme of copper tracks
on a support structure it is no longer possible for the charge to actually drift through the
induction plane(s). Therefore, induction is only produced by the approach of the charge.
One consequence of this is that induction signals are no longer bipolar. As opposed to
the classic design, the collection plane is even in front of the induction plane(s). This
means that the charge can only approach the induction plane(s) until it is collected by
the collection plane on the top layer of the support structure. That is why it is crucial
to make the support structure as thin as possible in order to get induction signals as
high as possible. Using a [Flame Retardant 4 (FR4)| structure as in classical
[Circuit Board (PCB)| designs is not a viable option. Very thin support structures can be
provided by using a flexible [PCB| made from Kapton instead of [FR4l These can be made
as thin as a few 10pm. For this test a Kapton layer of 50 pm was used with a single
induction plane on the back (Figure . The Kapton layer is supported by an m
frame for mounting on the [TPC]
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Figure 4.16.: Copper on Kapton readout plane (left) and used to test it (right).
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Figure 4.17.: Cosmic muon event recorded using the copper on Kapton readout.

The test was performed in a small vacuum-insulated double-bath cryostat with an
inner volume of 15c¢m diameter and 60.8 cm height. Prior to filling the cryostat was
evacuated using a turbo-molecular pump and then purged with argon gas and evacuated
a second time. From earlier experiments [65] the purity can be assumed to be ~ 1 ppb
after filling. The cryostat is sealed using rubber O-rings, which lose tightness at cryogenic
temperatures. Therefore, and due to the fact that no purification system was available,
the purity degraded slowly in the course of the experiment. Figure [4.16] shows the [TPC|I
built to test the new readout. The 8 cm long field cage consists of 8 copper rings of 8 cm
diameter terminated by a copper plate cathode. A field of 1kV cm ™' is generated using
a resistive divider.

The charge readout electronics were adopted from ARGONTUBE without modifications.
Charge signals are amplified by cryogenic charge amplifiers and then digitised at room
temperature. More details can be found in Section

No internal light trigger system could be used due to the limited space inside the
cryostat. Instead, the digitisers were either triggered on one of the charge collection
channels or by an external muon telescope. The latter was formed of two scintillator
panels with above and below the cryostat, respectively. Triggering directly on
charge collection channels has the potential disadvantage of recording events only partially.
If the triggering channel does not receive the first charge pulse of the event, all earlier
pulses are lost, unless the implements a pre-trigger ring buffer of sufficient size. It
is therefore preferable to trigger on the external muon telescope.

Using the above-described setup cosmic muons were recorded over the course of multiple
hours. A typical event is depicted in Figure [4.17} It can be seen that due to the event
being almost parallel to the induction strips the induction signal is in fact stronger than
the collection signal. The reason for the bad [SNR]is improper grounding of the setup
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and high noise levels in the lab from the nearby train station and air conditioning. No
further analysis was performed on this data due to time constraints and the upcoming
test of a pixelated readout described in Chapter [6] Anyhow, the fact that cosmic muons
could be seen using this setup proves that there is no inherent problem with having the
induction plane a few 10 pm behind the collection plane.

While this technique can potentially solve the mechanical problems of classical wire
readouts, it does not reduce the ambiguities inherent to projective readouts outlined
in Section [3.6] Therefore, I decided not to further investigate copper on Kapton readouts,
and instead focus on pixelated readouts for [LArTPCE, providing real BD] data.

4.5. Pixelated Charge Readouts

Wire readouts are not suitable for [LArTPCk the size of the envisioned future neutrino
detectors, as has been outlined in Section 3.6, The ambiguities caused by the nature of
wire readouts can be eliminated by using a fully pixelated readout. Such a readout will
record a true 2D]image of the charge for every time slice and thus directly produce 3D
space points of the event. On the other hand, this will increase the required number of
[DAQ)] channels and therefore the data throughput. To illustrate this let us imagine a
readout plane of 1m x 1m and a desired resolution of 5mm. For a conventional wire
readout with two planes this results in

(1m> X 2 = 40 (4.1)

5 mm

wires and thus [DAQ) channels. In order to reduce ambiguities one can use more than
two planes which will increase the number of channels linearly with the number of planes.
For a pixelated readout

1m

<)2 — 400 (4.2)

5mm

channels are required. Scaling this up to the needed detector size leads to an
enormous number of channels and data throughput.

It is possible to reduce the number of channels by employing some form of multiplexing.
There are multiple options one could imagine for this:

o Digital multiplexing

o Genetic multiplexing

« |[Regions Of Interest (ROIs)|

Digital multiplexing means digitising all channels as close as possible to the readout
plane and then multiplexing the digital data onto a high-speed digital link. An advantage
of this technique is that the technology already exists and is well established in information

29



4. Experimental Studies on High Voltage, Charge and Light Readout

technology. Ideally, one would feed the data stream into an optical fibre, which additionally
provides galvanic isolation of the readout from the [DAQ]| The challenging part is that
all of this needs to happen at cryogenic temperatures, which is far from trivial because
most off-the-shelf components are not made for this. A detailed description of upcoming
electronics capable of cold digitisation and multiplexing is given in Section[4.9] In contrast,
genetic multiplexing and are forms of analogue multiplexing. The difference to
digital multiplexing is that multiple readout channels are combined into a single analogue
link before digitising them at room temperature outside the cryostat. In the two schemes
described here this happens by connecting multiple readout channels to a single
channel.

In genetic multiplexing [79] the connections are done in a way that a certain event type
(a single straight track for instance) forms a distinct pattern of channels activated.
For simple events it is possible to recover the full event from the pattern. Naturally, this
reintroduces new ambiguities. Depending on the complexity of the event topology and
the degree of multiplexing they can potentially be resolved during reconstruction. In
any case, if the event is too complex, it cannot be reconstructed properly. While genetic
multiplexing has been shown to work for readouts (wires), there is no known solution
for two dimensions (pixels).

A third technique is to subdivide a pixelated readout plane into This scheme
was tested for an earlier PhD thesis at [LHEP] using a [Micro-Mesh Gaseous Structure|
(MicroMeGaS)|in a xenon gas [8]. All pixels at the same relative position inside
the are connected to the same [DAQ] channel. For instance, let us assume squared
[ROI§ One [DAQ) channel would connect to all the pixels in the top left corners of the
[ROIs Another channel would connect to all the pixels in the top right corner and so on.
To explain this a little better let us assume a square pixel plane of N x N pixels, where
N =n? and n integer. Then, we divide the plane into n x n = N [ROId, each consisting
of n x n = N pixels. For such a readout we need N [DAQ] channels for the and
another N channels for the pixels. We need only as many pixel channels as we have
pixels per [RO]] because all the pixels at the same relative position inside the are
connected together to one [DAQ] channel. This means that we can read out a N x N pixel
plane using only 2N [DAQ)] channels; the same number required by a conventional 2-plane
wire readout of the same size and pitch. If there is a signal on a certain channel,
the position inside the [RO]|is known but not the ROIl To determine the full position
each [RO]| has its own inductive grid in between the pixels. The grid is biased such that
the charge is fully focussed onto the pixels and does not collect any charge. It is possible
to disentangle the true position by combining the bipolar pulse on the [ROI| grid with the
collection pulse from the pixels. Again, the drawback of this approach is that it is not
free of ambiguities. It fails for multiple simultaneous hits when it is impossible to say
which pixel pulse belongs to which [RO] pulse.

Independently of the amount of data one needs to bring out of the detector a second
problem is heat dissipation. The more of the readout chain is sitting inside of the
detector, the more serious this problem becomes. It is especially problematic for digital
multiplexing which requires a lot of cryogenic electronics. A possible solution to this is to
power only that part of the readout that is actually needed. This would require a means
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to wake up the part of the readout where the charge is arriving before it is collected.
Provided the wake-up time is short enough, inductive grids on could allow precisely
for this.

4.6. Charge Readout Summary

Replacing a classical wire readout by copper strips on a thin (~ 10 pm) layer of Kapton
can alleviate the mechanical challenges met by the charge readout. However, this
does not change the projective nature of the readout, introducing ambiguities in event
reconstruction. A pixelated readout can provide true information at the price of an
increased number of channels. Due to the lack of bespoke pixel electronics able to readout
so many channels (see Section I implemented a form of analogue multiplexing. As the
[ROJ approach had already been demonstrated in a gas [TPC], it was chosen for the first
prototype of a pixelated [LArTPC| The readout plane can be realised as a conventional
[PCB]| because the detector is a single-phase and thus no gas amplification as in
is needed. Alongside the [PCB|I designed a new [TPC| which can be reused
for future prototyping efforts. The design of [PCB| and [TPC| as well as the results from
the first tests will be described in Section [5.1]

4.7. Noise in Charge Readout Electronics

For a heavy with ‘ji—f ~21MeVem ' a has a charge yield of ~ 1fCmm™*
as explained in Chapter [3] The readout electronics need to be able to reliably digitise this
charge. One of the biggest challenges to detect such low charges is the [Signal-to-Noise]
Ratio (SNR)| This section gives a theoretical overview of various noise sources and
mitigation techniques. Noise can originate from a plethora of sources. They can be
divided into internal, originating inside the electronic components, and pick-up from
external sources.

The most important internal source is the Johnson-Nyquist noise. It is generated by
the intrinsic motion of the charge carriers at non-zero temperature and therefore often
called thermal noise. In statistical thermodynamics the energy of a system with one
degree of freedom,

kT
E=—, (4.3)
2
is proportional to its temperature 1" by the Boltzmann constant k. The stored energy in
a capacitor is given by
ov?
E= —5 (4.4)
where C'is the capacitance of and V' the voltage across the capacitor. Therefore, the

voltage generated by the thermal noise inside an isolated ideal capacitor is

V= \/f (4.5)
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Combining this with the charge in the capacitor,
Q=CV =vVkTC, (4.6)

yields the equivalent noise charge due to the capacitor’s temperature. [80]

Equation has two important consequences for charge detectors: Noise scales with
temperature and detector capacitance. The temperature dependence is one of the main
reasons to operate all analogue electronics at cryogenic temperatures. Noise levels on
pixels are significantly lower compared to wires due to the much smaller capacitance.

Another internal noise source are resonances in the signal path that can start to oscillate.
Resonances can occur from the combination of the impedance of electronic components
such as cables and input impedances. The main culprits are usually parasitic impedances
not taken into account during the design of the circuit. The resulting oscillations are
superimposed on the signal.

An example of such a resonance is the behaviour of the cryogenic LARASIC preampli-
fiers used for ARGONTUBE, described in Section 4.8 They include a user-configurable
shaping filter. With its change the input capacitance of the amplifier changes as well.
Some configurations can form resonances with the circuit at the input. Most passive
electronic components change their values more or less significantly with temperature.
Therefore, the resonance behaviour of the detector circuit is different at room temperat-
ure and in [LA1] Additionally, every deviation from the final setup potentially changes
parasitic impedances. As a result, it is quite challenging to debug such resonances in the
signal path.

External sources can induce voltages on the signal path via variable magnetic fields,
as predicted by Faraday’s law. Particularly prone to this are ground loops, any closed
circuit supposed to be entirely at ground potential. If the resistance at one place of the
loop is high enough, the induction results in a voltage difference along the loop. If the
same part of the loop is used as reference of a signal carrying connection, the difference
in the ground reference between signal source and sink will affect the signal.

There are several possibilities to make a circuit more resilient to external noise sources.
An obvious one is shielding all sensitive parts from external magnetic fields using a
Faraday cage. Implementing this effectively is extremely complicated and often not
practical for small experiments. Another approach is hardening the signal path itself by
using current-coupled and/or symmetric signals. Current-coupled signals are much less
sensitive to induced voltages, as long as the voltages are small enough and do not result in
significant current across parasitic impedances. An example is [Nuclear Instrumentation|
Module (NIM)|logic.

In conventional single-ended signalling the signal is measured as the voltage or current
difference between a signal conductor and a ground common to signal source and sink.
Using a common ground as signal return path can have several undesired effects. The
signal conductor is usually enclosed in a ground shield. If the shield is connected on both
sides, a ground loop can result in combination with a shared power supply ground, for
instance. Ground loops can pick up noise through induction if the resistance along the
loop is high enough. A second way to couple noise into a single-ended system is by shifting
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Figure 4.18.: Noise reduction using differential signalling. [81]

the potential on the common ground away from the reference voltage or current, for
instance due to high currents flowing through a lossy ground connection. The signal will
be distorted because it is always measured against the common ground. In symmetric or
differential signalling the signal is not measured between a signal conductor and ground,
but instead between two signal conductors. This works by putting an inverted (symmetric)
waveform of the signal on a second conductor. The signal is recovered by forming the
difference between the two signal conductors. As a result, the signal sink needs not be
connected to the same ground as the signal source because the signal is independent of
ground. Ground loops in the signal path can thus be avoided. Furthermore, the effect of
noise pick-up on the signal lines is drastically reduced (see Figure . Inductive noise
pick-up is equal on both signal conductors due to the completely symmetric signal path,
as opposed to single-ended signals where the signal path is not symmetric. In the signal
sink the difference between the two symmetric signal conductors is formed and everything
that is present on both of them, such as the inductively picked up noise, cancels out.

Disentangling the three different sources of noise (thermal noise, resonances, and
external pick-up) is not easy. Hints can often be found in the spectrum of the noise.
Thermal noise is equal and uncorrelated over the full frequency spectrum. Resonances
usually occur at specific frequencies and thus produce regular patterns, such as a sine, at
the resonance frequency. External sources are more difficult to identify. If the source
produces fields at known frequencies (e.g. harmonics of a switched power supply)
the noise spectrum can be scanned for them. Debugging is much more complex if the
source is unknown.
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Figure 4.19.: Scheme of the ARGONTUBE charge readout chain. From left to right:
preamplifier power and control module, LARASIC preamplifiers on
wire readout plane, buffer amplifiers, CAEN V1724 digitisers. The dashed
rectangle denotes the cold part of the chain. ||

4.8. ARGONTUBE Charge Readout Chain

Contemporary electronics schemes are introduced by looking at the existing readout
chain at [LHEP] It was originally designed for the ARGONTUBE experiment and a more
detailed description can be found in . I successfully upgraded the chain to partial
differential signalling, significantly improving the [SNR]

The charge collected by the readout plane is amplified by LARASIC4* [83] cryogenic
charge amplifiers developed by for the [Micro Booster Neutrino Experiment (Micro;
BooNE)| . A performance characterisation of these [Application-Specific Integrated
Circuits (ASICs)| can be found in [82]. Their main features include:

o 16 channels per [ASIC|

» low noise charge amplifier incorporating high-order filters

e gain of 4.7mVfC™!, 7.8mVfC™, 14mV fC™', or 25mV fC™*, programmable per
channel

o filter peaking time of 0.5 ps, 1.0ps, 2.0 ps, or 3.0 ps, programmable per channel

o built-in test capacitance connected to dedicated external test pulse input for
calibration

o power dissipation < 10 mW per channel

The cryogenic preamplifiers are mounted as close as possible to the readout in order
to minimise noise pick-up on these very sensitive lines. LARASICs can be programmed
to the different aforementioned configurations via a [Serial Peripheral Interface bus (SPI)|
For this purpose they are connected to a bespoke [NIM] module housing an [SP]| controller,
a test pulse generator, and multiple low-noise voltage regulators providing power to
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the LARASICs. A standard PC controls the module via [Universal Serjal Bus
. The output of the preamplifiers is fed to buffer amplifiers mounted on top of
the cryostat signal feedthrough by means of flexible Kapton ribbon cables. The buffers
operate at room temperature, have a unity gain, and match the output impedance of the
LARASICs to the 502 input impedance of the downstream digitisers. From the buffers
the signals are routed via 502 coaxial lines to CAEN V1724 digitisers [84] mounted
in a|[VERSAmodule Eurocard (VME)| crate. For debugging purposes the output of the
buffers can be routed to an oscilloscope via a coaxial T-piece. Finally, the digital data is
read out from the VME] crate via a fibre-optic link by a standard PC. Figure depicts
the entire readout chain. The complete analogue signal path from the pixel plane to the
digitisers is single-ended and thus prone to ground loops and all associated noise
problems.

During the first pixelated readout measurement campaign (see Section it became
apparent that the data was significantly impaired by noise. As can be seen in Figure [£.20]
the noise amplitude is similar over multiple channels. This implies a common-mode
component that cannot originate from inductive pick-up. Instead, the noise is likely
generated by self-oscillating parts of the signal path due to ground loops and parasitic
impedances. For the second measurement campaign different steps were taken to mitigate
this behaviour through modifications to detector location, power supply, signal path, and
intrinsic capacitance.

A correlation between noise levels and the running state of the air conditioning system
in the utility room next to the lab was found. Therefore, the experimental setup was
moved away from the wall facing the utility room.

A decoupled clean power grid was built in the lab. A [Motor Generator set (MG)|
separates the lab grid mechanically from the building power supply. Thus, any noise
present on the latter is prevented from entering the experimental setup. Furthermore,
this decouples the lab grid entirely from the building ground preventing ground loops via
electric mains.

The signal path from the impedance-matching buffer amplifiers to the digitisers—i.e.
the warm signal path—was changed from single-ended to differential signalling. This
was achieved by replacing the buffer amplifiers by single-ended-to-differential amplifiers,
and inserting another stage upstream of the digitisers to change the signal back to 50 2
single-ended, matching the input of the digitisers. Like this noise pick-up outside the
cryostat could be reduced as well as sensitivity to ground loops between the detector and
the rack. The design for the two buffer stages was kindly provided by the
l[Argon In A Testbeam (LArIAT)| collaboration (see Section [5.3 and [85]).

A source of noise was identified in the layout of the pixel readout plane. It was found
that due to several ground planes and long traces in the [PCB]| parasitic capacitances were
very high. Pixel channels are particularly affected due to the increased total trace lengths
from connecting multiple pixels to the same channel. This is problematic because
the input is shorted to ground for high enough frequencies (determined by RC'), creating
a ground loop. Through the capacitive coupling to ground the system can start to
oscillate. One evidence for this is that the noise is equal over multiple channels, implying
a common-mode component. More specifically, the noise is equal for two respective groups
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Figure 4.20.: Event from the first pixel demonstrator measurement campaign. The top
plot shows pixel data while the bottom plot shows [ROI] data. Note that
the colour scale does not represent the full available dynamic range.
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Figure 4.21.: Noise amplitude distributions of pixel (top) and (bottom) channels
from the first pixel demonstrator measurement campaign. 5000 events from
a b Hz random trigger, with 1000 410 ns samples each, were combined.
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Figure 4.22.: Event from the second pixel demonstrator measurement campaign, after
implementing hardware noise mitigation measures. The top plot shows
pixel data while the bottom plot shows [ROI| data. Note that the colour
scale does not represent the full available dynamic range.
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Figure 4.23.: Noise amplitude distributions of pixel (top) and (bottom) channels from
the second pixel demonstrator measurement campaign, after implementing
hardware noise mitigation measures. 2000 events from a 5Hz random
trigger, with 2000 210 ns samples each, were combined.
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of channels (see Figure . Investigating this, I found out that these groups correspond
to channels of roughly equal parasitic capacitance: (150 & 5) pF and (95 £ 5) pF. The
noise amplitude is higher on channels with higher capacitance (see Figure . To solve
this problem the [PCB| design was optimised by removing unnecessary ground planes,
routing signal tracks outside necessary ground planes, and increasing the thickness of
the m Pixel capacitance could be improved to (654 5)pF for all channels.
capacitance improved only slightly from (25 £ 10) pF to (20 £ 10) pF, which confirms the
hypothesis that the long traces due to pixel multiplexing were the culprits. The reason
for the higher spread of the [RO]| capacitances is the larger difference in trace length
between the different [ROIg For the sake of completeness it should be noted here that
the old [PCB| was not populated for the capacitance measurements while the new one
was populated as described in Section [5.1l However, the installed capacitors are either
not connected to ground or in series with a 10 M{2 resistor. Therefore, their influence on
the measurements is negligible.

As can be seen from Figures and [£.22], there was a significant decrease in noise
after applying all of the above improvements to the readout chain. This can also be
seen from Figures and [4.23] depicting the noise amplitude distributions of the two
measurement campaigns. The data for the noise distributions (5000 events in the first
and 2000 events in the second campaign) was taken employing a 5 Hz random trigger. A
more detailed assessment of the noise after the implementation of the described noise
mitigation measures can be found in Section [5.1]

4.9. Improved Cold Electronics for Pixelated Charge
Readouts

This section describes the challenges met by electronics for pixelated and
possible solutions. I evaluated the cryogenic [Analogue-to-Digital Converters (ADCs)| for
the DUNE][FD] developed by [BNT] and found that they are unsuitable for a pixelated [ND]
The neutrino group at [Lawrence Berkeley National Laboratory (LBNL)|is developing
bespoke pixel electronics for the [ND| the [Liquid Argon Pixel readout ASIC (LArPix)|
Based on my experience I advised the [LBNT] group on the testing of their new readout
electronics.

As mentioned in Section [3.5] cold digitisation can improve noise because of both shorter
analogue signal paths and reduced thermal noise of the electronics. Furthermore, it
enables data multiplexing on high-speed digital links, reducing the number of needed signal
cables and cryostat feedthroughs. However, designing reliable electronics at cryogenic
temperatures is not an easy task. require very stable reference voltages for proper
analogue-to-digital conversion, making them susceptible to voltage fluctuations. A further
important aspect is power dissipation. All power dissipated by cryogenic electronics needs
to be compensated for in order to prevent the from boiling. This is particularly
problematic for a pixelated readout that requires a much higher number of readout
channels than a wire readout (see Section [4.5)). Another problem arises from the fact that
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Figure 4.24.: Linearity measurement of the cryogenic ASICs|with input voltage
on the x-axis and value (code) on the y-axis. Colour represents the

number of measurements. The measurements were performed in liquid
nitrogen.

digital electronics in general require clocks with sharp edges for proper timing, usually
realised as a square wave. According to Fourier analysis a square wave produces a high
level of harmonics. This is particularly problematic in the case of readout wires that can
act as antennae and pick up these clock signals.

BNL|is developing cold charge readout electronics for the [86]. The plan is
to accompany the cryogenic LARASIC charge preamplifiers by cryogenic [ADCg They
have 16 inputs, each capable of digitising the signals at 2 MS/s and 12bit with
input characteristics optimised for the LARASIC output. A more detailed description is
given in [87].

In the course of this work, the cryogenic [ADC|[ASICy developed by [BNT] were evaluated
to be used in the [ND] as well. I joined the team at [BNT]in cold tests of the devices. One
of the results of these tests is presented here to illustrate the difficulties of cryogenic
As a disclaimer, it should be noted that this is by no means the status of the
at the time of writing. The described tests were performed in autumn 2016 at
[BNT]

An important characteristic of an [ADC|is linearity. It describes the relation between
the applied input voltage and the calculated digital number, the [AD{ code, at the output.
In case of the [ BNLJ[ADCH| this relation is expected to be strictly linear. To test this a
voltage ramp is applied to the input and the converted digital values are recorded.

A typical measurement is shown in Figure [4.24] The expected shape is one straight
diagonal line from the bottom left to the top right, i.e. a linear relationship between input
voltage and [ADC|value. Two particular deviations from this are visible: gaps accompanied
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Table 4.4.: specifications for a 10 MHz external clock. [8§]

Specification Value Unit
Number of analogue inputs (channels) 32

Noise at 88 K 300 e
Noise at 300 K 500 e
Channel gain 4 or 45 pVe
Time resolution 2 s
Analogue dynamic range ~1300 mV
resolution 8 bit
Threshold range 0to 1.8 \Y
Threshold resolution <1 mV
Channel linearity 1 %
Operating temperature range 80 to 300 K
Event memory depth 2048

Nominal output signalling level 3.3 \Y
Digital data rate 5 Mbits™*
Event readout time ~11 s
Power dissipation per channel at 1 Hz event rate  ~100 W

by horizontal lines and a wobbly response around zero. Upon close inspection it can be
seen that the gaps have the same voltage range as the horizontal lines. The meaning
of this is that the [ADC| output is stuck at the same value for the corresponding input
voltage range. Both effects result in a non-linear detector response to detected charge
and thus energy deposition. While some non-linearities can be compensated in offline
data analysis, this is not possible for the sticking [ADC| values because they correspond
to a range of input voltages. This impairs the energy resolution of the detector.

The cause for the non-linearities is rooted in the electronic design of the [ASIC] It was
not fully understood at the time of these tests. Therefore, an explanation is out of the
scope of this work and not given here. The measurements are shown to illustrate the
difficulties of designing a reliable cryogenic [ADC]

Leaving aside the non-linear response, the [BNT] are not suitable for use in
conjunction with a pixelated charge readout. Being designed for wire readouts,
no strong focus was laid on power dissipation, which is &~ 5mW per channel. Combined
with the one of the LARASIC (10 mW) [83] a total of &~ 15 mW is dissipated. A pixelated

DUNE with a 3mm pitch and the dimensions given in Section will need > 107
channels. The resulting required cooling power would be > 150 kW for 84t of [LAi] In

comparison, [MicroBooNE]| has a total cooling power of ~ 20 kW for 170t of [32].

Due to their smaller geometric extent pixels have a much lower capacitance (=~ 4 pF
for vias [8§]) than wires (= 200 pF [86]). According to Equation (4.6|) this reduces the

intrinsic noise present on a pixelated readout. [LArPix, being developed by [LBNL| [88,
90], exploits this fact to significantly reduce the complexity of the cold electronics. Two
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Figure 4.25.: Conceptual block diagram of a channel. |88 |89

key points distinguish them from the design for the wire-equipped [FD] The complex
shaping preamplifier required by wires for noise filtering can be replaced by a simple
charge integrator. Additionally, the low noise levels allow for a smart zero suppression
scheme; charge arriving at the is only digitised if it is above a predefined threshold.
This reduces the duty cycle and thus power dissipation of the [ADC] If noise levels are
well below the set threshold, power dissipation becomes primarily a function of charge
flux rate in the detector.

In addition, the digital circuitry of operates at lower frequencies than the [BNT]
design. For an [Alternating Current (AC)| of frequency f, the resistance presented by a
conductor is not simply given by its Ohmic resistance. There is an additional component
proportional to \/f caused by the skin effect [91]. currents do not flow in the bulk of
the conductor but only in a finite layer (skin) at its surface. Therefore, the conductivity
is no longer proportional to the cross-section area but rather the circumference of the
conductor. The result of the skin effect is more power dissipation at higher frequencies for
the same conductor geometry. By operating at lower frequencies the power dissipation of
[LATPixl can be lowered further. The cost is a decrease in data transmission rates.

With its power dissipation dependent on the charge flux and the lowered data transmis-
sion rate is susceptible to high event rates. The same goes for noise levels due to
the self-triggered digitisation. For the successful operation of it is of paramount
importance to keep event rates and noise levels low. The latter can be achieved by
minimising detector capacitance. To lower the susceptibility to high event rates the
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design orientates the [TPC|drift direction perpendicular to beam direction.
This reduces the amount of charge per event arriving simultaneously at the readout.
Furthermore, is equipped with a [First In First Out (FIFO)| buffer capable of
holding 2048 charge pulses to cope with short peaks in event rate.

To accommodate the elevated channel number of a pixelated readout the first
prototype chip has 32 inputs. Its resolution in time and charge are 2ps and 8 bit,
respectively. While currently inferior to the [BNT] design, these specifications are planned
to be improved in the next design iteration. The first version aims to demonstrate
two critical aspects [89]:

1. Low noise and low power dissipation (see Table

2. track detection capability in a test [TPC|

Another goal is to assess the optimal size of the event buffer [92]. The most
important specifications are given in Table [4.4]

Figure [4.25| shows the block diagram of a single channel. The incoming charge
is converted to a voltage by a [Charge-Sensitive Amplifier (CSA)| via integration on
the feedback capacitance C. To minimise power dissipation the output of the [CSA]
is only digitised if it is above a digitally configurable threshold. This is realised by
discriminating the signal against a [Digital-to-Analogue Converter (DAC)|output. If the
signal is above threshold, the discriminator triggers a digitisation and then a reset of the
[CSA] Each channel can be connected individually to an analogue monitor bus shared

between multiple chips (see Figure 4.26]). The controller outside the

cryostat can probe the analogue monitor bus to set the thresholds correctly (see the
datasheet for a detailed procedure).

Digitisation is performed by a standard [Successive Approximation Register (SAR)|
digitiser. It works as follows [91]. The input signal is compared to the output of a
controlled by a register. At the start of the conversion all bits in the register are set to 0.
Then, the most significant bit is set to 1. If the DAC] output is above the analogue input,
the bit is set back to 0. Otherwise, it is kept at 1. The procedure is successively repeated
for all bits. After the least significant bit has been set, the conversion is complete and the
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Figure 4.27.: Cosmic muon track recorded with the first prototype. The left
projection is perpendicular to the pixel plane while the right one is almost
parallel to it. Note that only red pixels are instrumented.

value of the register is output to the digital event buffer . The whole conversion
requires the same number of clock cycles as the number of (and therefore [ADC)
bits.

uses a [Universal Asynchronous Receiver-Transmitter (UART)| connected by
[SPT for communication. This allows to daisy chain up to 256 chips as depicted
in Figure [4.26] The daisy chain is connected to a controller outside the cryostat,
which can be a [Field-Programmable Gate Array (FPGA) or any other digital controller
capable of handling the expected data rate. Chips are identified by means of a hard-coded
[[dentifier (ID)| During data taking each chip constantly transmits the events
present in its [FTFO] buffer to the controller via [SPI. One data packet or event consists of
54 bit of data, containing a single [ADC] value, chip and channel and a timestamp.
Configuration of the chips (e.g. threshold setting) happens via the same line.

does not have its own oscillator. All timing signals are derived from an
external clock signal supplied by the controller and shared between multiple chips. In
particular, this clock defines the time resolution of the digitisation and the [SP]| data
rate. Furthermore, the event timestamp generated inside is derived from this
clock. The specifications in Table [4.4] are given for a 10 MHz, clock resulting in a time
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resolution of 2 ps. This is the nominal configuration for the first prototype. Later chip
designs will be optimised to allow for a better time resolution.

Each chip has an integrated test pulse generator. It consists of a [DAC] that
can be connected to one or more inputs via a coupling capacitor. Charge can be injected
into the selected inputs by switching the level of the DAC] This allows to characterise
and/or debug the charge readout chain in a similar fashion to the LARASIC preamplifiers
described in Section [4.8

One design goal of is to reach a power dissipation of 100 pW per channel.
Using the same numbers as above this results in a total power dissipation of ~ 1kW for
a pixelated DUNE]ND] Most of the supply voltages of can be reduced from their
nominal value. This allows to further decrease power dissipation in addition to the smart
zero suppression and reduced clock frequency. Attention has to be paid to adjust the [SP]|
signalling levels accordingly. More information on this can be found in the datasheet [88].

The first prototype was successfully tested at [LBNT]in a shorter version of
the pixel demonstrator [TPC| described in Section In particular, the noise and power
dissipation levels given in Table were reached [93]. Figure [4.27) shows a recorded
cosmic muon track. Note that only the red pixels are instrumented, explaining the
segmented track.

4.10. Charge Readout Electronics Summary

Pixelated place high demands on the charge readout electronics. The very
high number of readout channels required makes digitisation outside of the cryostat
impractical due to the resulting number of cable feedthroughs. Cold digitisation inside the
cryostat reduces the number of cables by channel aggregation on digital high-speed links.
However, this worsens the problem of heat dissipation inside the[LAx] I evaluated the cold
digitisers developed for the charge readout wire planes of the DUNEJ|[FD], but found them
to be unsuitable for a pixelated due to their high power dissipation. is
a bespoke cold digitiser for pixelated [LArTPCk. It is currently under development at
and designed to meet the stringent heat dissipation requirements by means of a
smart zero suppression.

4.11. Cryogenic SiPM Light Readout

For the ArgonCube detector concept, detailed in Section [5.4] a compact light readout is
needed. [PhotoMultiplier Tubes (PMTs)|are not suitable because they occupy a lot of
space and thus would require mounting on top of a module, which in turn would reduce
their efficiency. That is why the photon detectors of choice for such a detector are
[PhotoMultipliers (SiPMs)|

A novel light readout system based on [SIPMg| in [LA1] was implemented for the Ar-
gonCube pixel demonstrator described in Section [5.1} Acrylic rings placed in between
the aluminium field-shaping rings of the [TPC]| provide the light collection; their inner
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surfaces are machine-polished and coated with the WLS|[TPB| The coating method is
based on [94]. 0.5g of and 0.5 g of acrylic flakes were dissolved in 50 mL of toluene
and then mixed with 12 mL of ethanol, which serves to increase the coating homogeneity.
Three layers of the coating were applied by hand with a fine brush.

1 mm diameter WLS| fibres, Kuraray Y11(200)M [95], couple the acrylic rings to four
Hamamatsu S12825-050P [96] mounted close to the anode (see Figure [5.5). The
and their front-end electronics were adapted from those developed at [LHEP] for
the [Cosmic Ray Taggers (CRTs)| used in and the [Short Baseline Neutrino|
[Detector (SBND)| [97, [98]. Residing on the cryostat top flange at room temperature, the
[Front-end Electronic Board (FEB)|is connected to the via Teflon insulated coaxial
cables. For operation in [LA1] the [SiIPM] bias voltages has to be reduced from ~ 70V to
53V, in order to compensate for change of breakdown voltage.

The peak of scintillation light emission in lies at 128 nm (see Table while the
sensitivity wavelength peak of the is at 450 nm. Therefore, the scintillation light
needs to be shifted before it can be detected by the [SIPMg This happens in two stages.
For the first shift [TPB]is applied to the inside of the acrylic rings. Their outside is not
coated to reduce the collected amount of scintillation light that originates outside the
[TPC| while their inside is machined to optimise light collection. [TPB|absorbs the 128 nm
scintillation light and re-emits it with a peak at 440nm [99]. The light emitted by the
[TPBJis then propagated through the acrylic and coupled into the WLS| fibre which has
an absorption peak at 430 nm and an emission peak at 476 nm.

In the two coincidences (A) of two out of four are formed and combined
by means of a logic OR (V) operation. The trigger pattern is thus

T = (S ANSy) V(S3ASy) (4.7)

for S through S,. To improve trigger purity we tried to change the firmware to
trigger on the coincidence of all four fibres in the [TPC| Due to a firmware bug however
this was not successful.

The light readout scheme described above was successfully used to trigger and record
several thousand cosmic muon interactions with the ArgonCube pixel demonstrator, as
will be explained in Section 5.1l However, when compared to a measurement triggered on
the charge readout directly, it became apparent that the efficiency of this light readout was
very poor. No quantitative measurement of the trigger efficiency was performed due to
limitations in the experimental setup. Triggering on the charge readout was only possible
using an oscilloscope because the used system was not capable of self-triggering.
Therefore, the channel number was limited to four which would have enabled charge
readout triggering only on a subset of the readout area. An external reference trigger
source, such as a muon telescope, was not available during the measurements. After
warming up the experiment, we discovered that all four fibres were damaged because the
acrylic rings had fallen out of their mounting brackets and squeezed or even broken the
fibres.

Another drawback of the design is the optical coupling between the acrylic rings and
the A lot of light escapes from the rings and is lost because the refractive indices
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10 cm

10 cm

4 SiPMs

Figure 4.28.: 10cm x 10 cm [ArCLight| prototype. Four can be seen at the lower

side, soldered to a narrow [PCB] providing coaxial connectors for signal
readout. The rest of the sensor area is dielectric.

are very close. Many other low-volume light readout systems based on light guides have
been developed for [100-106], all suffering from the same problem. A dedicated light
readout system for ArgonCube was developed at [LHEP] to address these issues.

4.12. ArCLight

Most of the following has been published in ﬂg[] The |[ArgonCube Light readout system|
is designed to minimise the occupied volume while maximising the area
coverage of [SIPMs| This is achieved by coupling them to a passive light collector. As
mentioned above, principles based on full reflection on a polymer{LA1] interface are
not suitable. Instead, is based on the light trapping principle of the
IR&D Advanced Program at UniCamp (ARAPUCA )|sensor [107]. [ARAPUCA| works by
trapping the photons inside a cavity made of walls covered by highly reflective materials.
One of the walls is formed of a dichroic film, a material transparent to certain wavelengths
while highly reflective to others. On the outside this film is coated with [TPB| which
shifts the scintillation light to the blue range, where the dichroic film is transparent.
The inner surface of the film is covered by a second [WLS] shifting the light to green,
which is reflected by the dichroic film and therefore trapped inside the cavity. One or

more are mounted inside the cavity to collect the trapped photons.
improves the ARAPUCA] design by replacing the empty cavity with a solid transparent
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Blue WLS layer

Specular refrector

Silicon hotomultipliers (SiPMs

Figure 4.29.: light collector cross-section near a corner. The structure is
mechanically supported by a 4 mm thick WL plastic. Its front is covered
with a dichroic mirror film while the edges and the back face are covered
with a dielectric specular reflector foil. The outer surface of the dichroic
mirror is coated with [TPB|to shift the [LA][VUV]scintillation light to the
blue range, where the dichroic film is transparent. At the bottom of the

left picture two of the four mounted to the carrier are visible.

polymer sheet doped with a [WLS| dye. This makes it substantially more robust and
compact, especially when scaled up to larger areas.

A 10cm x 10cm prototype is shown in Figure The ratio of sensitive
area to total area is 98 % with the remaining 2% occupied by a [PCB| carrying four
Hamamatsu S13360-3050VE [108] with a sensitive area of 3mm x 3mm each.
The inside of is made of a 4 mm thick Eljen Technology EJ-280 [WLS|plate [109].
Its sides are laminated with reflective films. The back face and the edges are covered
with a 8M Vikuiti ESR dielectric specular reflector foil having ~ 98 % reflectance
in the visible light range. A 3M DF-PA Chill dichroic mirror covers the front
face. It is transparent in the blue and has a high reflectance in the green spectral range.
Both films are held in place by thin layers of transparent adhesive. To shift the [VUV]
scintillation light produced in [LA1 to the blue transparent range of the dichroic mirror
its outer surface is coated with [TPB| A cross-section of the structure of is
depicted in Figure [£.29]

The [Photon Detection Efficiency (PDE)| was measured at room temperature using an
2L Am source, previously calibrated with a m A M of 0.8% to 2.2 % was measured.
Figure [£.30] shows the [PDE] as a function of the position on the light collector, overlaid
on a picture of the prototype for reference. The increase in [PDE] near the is
likely caused by photons hitting the directly with no prior reflection from the
dichoic mirror. Due to the angular dependence of the dichroic mirror’s reflectance about
30 % of the light is lost during the first reflection. Once reflected, a photon is trapped
inside because of the specular nature of the reflection on all faces. Additionally,
the average was calculated from theory to be (0.7 & 0.4) %, in agreement with the
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10 cm

PDE

10 cm

Figure 4.30.: Measured for the 10 cm x 10 cm [ArCLight| prototype (background
image), at room temperature. The |PDE| is given in %.
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Figure 4.31.: Distribution of observed number of photo-electrons (N p.e.) per event by
the module in the PixLAr test beam demonstrator at [FNAT]

The response is shown for cosmic (blue) and beam events (red).

measurements. More details on the calculations and the calibration of the measurement
can be found in [9).

The measurements described above were performed at room temperature. An
module covering an area of 43 cm x 15 cm was successfully operated at temperatures
in the PixLAr test beam demonstrator at [FNAT] described in Section [5.3] Figure
shows the response for beam (red) and cosmic events (blue). Cosmic events yield a mean
of 115.7 photo-electrons while beam events produce slightly less light with a mean of
105.7 photo-electrons. The time evolution of the mean photo-electron yield per event
in beam (magenta) and cosmic ray (blue) mode is depicted in Figure [4.32] Secondary
beam energy and bending magnet current, selecting the momentum range of the tertiary
beam, are also plotted for reference. It can be seen that the photo-electron yield is
approximately constant over several weeks. The jumps in the response to beam events
can be explained by the switching between different beam configurations.
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Figure 4.32.: Mean observed number of photo-electrons (N p.e.) per event by the
module in the PixLAr test beam demonstrator at [FNAT] over several weeks.
The response is shown for cosmic (blue) and beam events (black). For
reference the secondary beam energy (green) and the bending magnet
current (red) are shown.

4.13. Light Readout Summary

Classic PMT}based light readout schemes for occupy large inactive volumes.
are much smaller but so is their sensitive area. I successfully used a cold
based light readout to trigger the charge readout of a pixelated prototype.
is a new light readout system based on the ARAPUCA]light trap principle to
increase the sensitive area of [SIPMsl Initial characterisations indicate a [PDE] of ~ 1 %.
It can be installed inside the field cage of a due to its low volume and the
dielectric nature of the light collector.
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LArTPC Technology

While the theory and improvements of individual | subsystems were d1scussed in
Chapter [4] this chapter presents the amalgamatlon of all my ﬁndlngs into a new
concept, ArgonCube, aligned to the needs of future neutrino detectors. The
results of the ArgonCube pixel demonstrator are presented, alongside a reconstruction
framework I developed, yielding fully reconstructed cosmic muon tracks. Both have
been published in [10] [11]. Afterwards, the ArgonCube modular concept is

introduced.

5.1. ArgonCube Pixel Demonstrator

This section describes the results obtained from the pixel demonstrator for the ArgonCube
project (see Chapter . A particular focus is put on the reconstruction of the recorded
cosmic ray events.

The pixelated anode plane, shown in Figure [5.1] was produced as a conventional [PCB|
It implements the [ROI}based analogue multiplexing scheme introduced in Section [4.5]
The pixelated area is 100 mm across, the pixels are formed of 900 pm vias with a pitch
of 2.564mm. An inductive focusing grid surrounds the pixels, it is made from 152.4 pm
copper traces split into 28 regions. There are 6 x 6 pixels per region, giving a total of
1008 pixels.

Vias were used for pixels instead of pads in order to minimise capacitance. As detailed
in Section [4.7] it is important to minimise capacitance of a charge readout. To further
minimise parasitic capacitances the [PCB| design was optimised by removing unnecessary
ground planes, routing signal tracks outside necessary ground planes, and increasing the
thickness of the to 3.5mm from an initial 1.75mm. The resulting capacitance at
each pixel is ~ 65 pF (see Section .

The pixels are directly connected to the preamplifiers while the inductive focusing
grids are decoupled via 10 nF capacitors. Additionally, the bias voltage is filtered at the
input by another 10 nF and 10 M€2. The full schematic of the bias circuit is depicted in
Figure

The bias on the inductive focusing grids has to be sufficient to allow full charge
transparency (all charge collected by the pixels), yet low enough to minimise any risk of
damaging the cold coupling capacitors. It was increased incrementally until transparency
was observed at 300 V. Simulations suggest this was only 95 % transparency, with 100 %
at 350V (see Figure [5.3)). The simulations available at the time of the measurement
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Figure 5.1.: First (high-capacitance) version of the pixelated anode m The pixelated
readout area is 100 mm in diameter. Each charge collection pixel is a 900 pm
via, at a pitch of 2.54mm. Inductive focusing grids formed of 152.4 pm
copper traces surround the pixels. There are 28 inductive focusing grids with
36 pixels per region, a total of 1008 pixels.
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Figure 5.2.: Schematic of the bias circuit for the ArgonCube pixel demonstrator PCB} On
the left the pin header connected to the bias [HV] power supply is shown. In
the middle and on the right are the connections to the pixels and inductive
[ROJ] grids. The connections to the preamplifier inputs are located at the
positions of labels P1-P36 (pixels) and 11-128 (ROIs). For simplicity and
universality the same circuit was used for both pixels and even though
only the inductive [RO]| grids were biased for the measurements described
here. Therefore, the are connected as depicted (R2 and R39-R66, C2
and C39-C66). The pixels are directly connected to the preamplifiers by
leaving R3-R38 unpopulated and replacing C3-C38 by 0 (2 resistors because
no pixel bias is needed. Additionally, R1 is 02 and C1 unpopulated, and all
unused traces are grounded by connecting pin 1 of J1 to ground.
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Transparency as Function of Grid Bias Voltage
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Figure 5.3.: Measured and simulated transparency versus bias voltage of the ArgonCube

pixel demonstrator. ||

contained a bug resulting in an underestimation of the bias voltage required for full
transparency. During the measurements the bug became apparent and full transparency
had to be estimated by looking at live data from the detector. Due to the limited accuracy
of this method measurements were not taken up to the bias voltage for full transparency
suggested by the (corrected) simulation. [112]

The pixel demonstrator [TPC| shown in Figures[5.4] and is cylindrical with an inner
diameter of 101 mm and a 590 mm drift length. The [TPC|operated with a drift field of
1kVem ™, corresponding to a total drift time of 281 s at 2.1 mmpus ™' .

The field-cage consists of aluminium rings supported by clear acrylic rings, with a
cathode formed of a brass disc. The dimensions of the field-cage and cathode are shown
in Figure 5.4l Alternating acrylic rings are split to allow for the circulation of purified
LAr| within the volume. Four square section [PolyAmide-Imide (PAI)| uprights
support the cathode and field cage, with [PolyEther Ether Ketone (PEEK)| screws fixing
the pillars to the acrylic rings. The four [PAT] uprights connect to a [PA]] frame which
supports the anode plane and the light readout see Figure [5.5

The resistive divider consists of a chain of 100 MQ Vishay ROX100100MFKFEL metal
oxide resistors . Each resistor is soldered to its neighbour and fixed to the field cage
at each joint with an M3 screw.

The acrylic rings provide the light collection; their inner surfaces are machine-polished
and coated with the WLS|[TPB| 1mm diameter [WLS fibres couple the acrylic rings

to four mounted close to the anode (see Figure [5.5). The and their
front-end electronics were adapted from those developed at [LHEP] for the used
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Figure 5.4.: Engineering drawing of the pixel demonstration m; 590 mm drift length;
6.25 mm field cage spacing; 101 mm internal diameter.
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\
a \
Figure 5.5.: Left: Photograph of the pixel demonstrator [TPC|at [LHEP] with the

feedthrough. Right: Close-up of the light collection system, showing [WLS|

fibres coupling the to the coated light guides.

in [MicroBooNE] and [SBNDJ [97}, [98]. A more detailed description of the light readout
system is given in Section [4.11]

The pixel demonstration [TPC|is housed in a double-bath vacuum-insulated cryostat
with the outer bath open to atmosphere. A diameter of 50 cm and a height of 110 cm
give an inner volume of ~ 2001 of [LA1] This is the same cryostat that was used for the
[HV] studies described in Section 4.1} The [LA1] filtering method is the same as described
in [65], with filtered first on filling through a pair of Oxysorb-Hydrosorb filters, and
then recirculated through a single custom-made filter containing both activated copper
and silica gel. purity is estimated to be in accordance with [65], with impurity
concentrations ~ 1 ppb of oxygen-equivalent, which corresponds to a charge lifetime of
(290 + 30) ps.

The [Crystalline PolyEthylene Terephthalate (PET-C)|[HV] feedthrough capable of
potentials as high as —130 kV remains unchanged from the breakdown studies (Section.
I added a low-pass filter between the power supply and feedthrough, which consists of an
800 pF decoupling capacitor grounded between two 100 MS2 resistors connected in series;
i.e. a|Resistor Capacitor (RC)| low-pass filter with an additional protection resistor at
the output. For proper insulation the filter circuit is submerged in transformer oil.
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Table 5.1.: values obtained from Equation (5.1). The signal was calculated from
theory assuming a [MIP] at the readout plane or cathode, respectively. The
average equivalent noise charge was obtained from measurements for pixel
and |[ROI| channels, respectively.

Channel |MIP|at SNR)
Pixel Readout plane 14
Pixel Cathode 5.5
ROI Readout plane 16
ROI Cathode 6.1

Dedicated noise data was taken to assess the employing a 5 Hz random trigger.
Drift, focusing, and bias voltages were turned off for these measurements. The data
of 5000 events was combined. Subsequently, all pixel and [RO]| channels were combined
separately and filled into respective amplitude distribution histograms. Finally, the
standard deviation of the noise was calculated by fitting a Gaussian to the amplitude
distribution. This value was used to calculate the for pixel and [RO]| channels
according to

SNR = 2, (5.1)

o

where S is the signal and o is the noise standard deviation from the Gaussian fit. As
can be seen in the top plot in Figure (and also , one of the pixel channels is
significantly noisier in comparison to the others, likely caused by a broken preamplifier.
Therefore, this channel was blinded for the calculations. The resulting equivalent
noise charge is 1095 e for the pixel channels and 982 ¢ for the inductive [RO]| channels.
The noise amplitude distributions are shown in Figure 4.23|

The signal S is often taken for a [MIP]as this is at the lower end of the signal range
interesting for neutrino physics. Obtaining a clean [MIP]signal from experimental data
requires a calibrated reconstruction which was not available at the time of writing. There-
fore, the signal is estimated from theory assuming an energy loss of 2.1 MeV cm ™
(see Section . This can be converted to charge loss using the energy required to
produce one electron-ion pair from Table [3.1} W; = 23.6eV e *. Additionally, charge
recombination, diffusion, and lifetime need to be taken into account (see Section .
The recombination factor was measured by the [[maging Cosmic And Rare Underground|
[Signals (ICARUS)| [115] and [Argon Neutrino Test (ArgonNeuT))|[116] experiments, and
found to be R, ~ 0.7 for a drift field of 1kV cm™'. With ARGONTUBE [62] meas-
ured a transverse diffusion coefficient Dy = 5.3cm?s ' at 0.25kV ecm ™" while Gushchin
et al. [117] report a value of Dy = 13cm?s™" at 1kVem™'. Even using the more con-
servative value results in a transverse spread of ~ 0.9 mm for the pixel demonstrator
drift time of ¢t = 281 ps, according to Equation . This value lies well below the pixel
pitch of d;, = 2.54mm. Considering that the longitudinal component is smaller than
the transverse [60], diffusion is neglected completely for these calculations. Finally, the
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lifetime of 290 ps results in the reduction of charge by a factor of ~ 0.38 over the full
drift distance (Equation (3.3))). Combining this, the signal is

4B R4,
 dz e W,

— 15821 ¢ (5.2)

for a charge deposited adjacent to the readout plane, and S = 6004 e for a charge deposited
adjacent to the cathode. Table [5.1] lists the values obtained from these signal values
and the aforementioned measured equivalent noise charge, using Equation ([5.1]).

5.2. 3D Track Reconstruction

To demonstrate [3D|track reconstruction several thousand cosmic ray events were collected
with the ArgonCube pixel demonstrator described in Section [5.1, many of which are
[MIPs| mostly muons. The pixelated charge readout was triggered by the cold light
readout described in Section .11l

Official event reconstruction tools were only available for LE:} ! PCk read out by wire
planesﬂ Therefore, I developed a new framework from scratch” The reconstruction
procedure comprises five steps: noise filtering, hit finding, hit matching, ambiguity
rejection, and track fitting. These steps are explained in the following and depicted in
Figures [5.6] through [5.10} all taken from the same (cosmic muon) event.

In the first step a noise-filtering algorithm is applied to the raw data. As can be
seen from Figure [5.6] the noise is largely correlated across all the channels. This
common-mode correlation can be exploited by the noise filter algorithm. The following
is done separately for the all pixel and [RO]| channels of each event. Similarly to the
[SNR] calculation all samples are filled into an amplitude distribution histogram for each
channel and subsequently fitted with a Gaussian. A noise band is defined per channel
with its centre equal to the mean of the Gaussian and its width equal to the standard
deviation multiplied by a tunable scaling factor. The amplitudes of all channels within
the corresponding noise band are then averaged for each sample. Finally, this average is
subtracted from each channel at the corresponding sample. This technique was chosen
because it effectively suppresses the dominating common-mode noise. At the same time
spurious signals, produced by actual charge collection signals distorting the average, are
kept to a minimum by only accepting values within the noise band. The effectiveness of
the filtering can be seen in Figure 5.7, which shows the same data as Figure [5.6| post
filtering.

The second step applies a recursive pulse finding algorithm. Three types of thresholds
are used: peak, edge, and zero-crossing thresholds. The zero-crossing threshold is equal
to the noise mean, as defined above. Peak and edge thresholds are calculated by adding
the noise standard deviation multiplied by a respective scaling factor to the noise mean.
The following is performed for each channel independently. Noise mean and standard

1http ://larsoft.org
*https://github.com/70rc/pixy_roimux
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Figure 5.6.: Unfiltered raw data of a typical event (the same for Figures
through . The top plot shows pixel data while the bottom plot shows
[ROJ|data. Note that the colour scale was adjusted to highlight the charge sig-
nals. Therefore, most signal peaks are above/below the maximum/minimum
of the colour scale. The full range of a typical signal can be seen in Figure
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Figure 5.7.: Filtered data of a typical event (the same for Figures through .
The top plot shows pixel data while the bottom plot shows [ROI] data. Note
that the colour scale was adjusted to highlight the charge signals. Therefore,
most signal peaks are above/below the maximum/minimum of the colour
scale. The full range of a typical signal can be seen in Figure
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Figure 5.8.: Pulse shapes of a single pixel (top) and (bottom) hit of a typical
event (the same for Figures through . Superimposed are the
thresholds of the hit finder algorithm. Horizontal lines represent thresholds:
solid is the minimum threshold required to be crossed for a pulse to be
detected, and dashed are the thresholds used to detect the pulse edges. Ver-
tical lines represent the corresponding detected peak/edge samples. Colour
indicates a positive (green) or negative (red) pulse, or a zero crossing (yellow).
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deviation are recalculated from the noise-filtered data. Using these all thresholds are
calculated. Then, the sample with the highest amplitude is found. If it is below the
peak threshold, the process stops and proceeds to the next channel. Otherwise, the
pulse is scanned in positive and negative directions until it crosses the edge threshold in
both directions. Next, the whole pulse is deleted from the data, and the process starts
over with finding the new maximum sample and checking it against the peak threshold.
For stability reasons the peak threshold relative to noise levels is compared against an
absolute peak threshold and the higher of the two is applied. The search is extended
to the negative pulse for the bipolar [RO]| pulses, using the zero-crossing threshold and
respective negative peak and edge thresholds. The different thresholds employed and
samples found by this process are illustrated in Figure [5.8|

Identified pulses are then combined to hit candidates by matching pixel pulses
to coincident [RO]| pulses. Looking at Figure [5.8] a pixel and [RO]| pulse are matched if
their time slices, defined by the vertical dashed lines, overlap. This matching algorithm
minimises the number of missed hits at the price of a rather high number of ambiguous
matches.

To resolve the ambiguities a [Principal Component Analysis (PCA)|is applied to the
BD] space points in a fourth step. This technique is well established and described in
literature, e.g. [118]. Therefore, it is only briefly summarised here. The basic idea
is to calculate three orthogonal eigenvectors of the space point cloud. A graphic
interpretation of these eigenvectors are the three axes of an ellipsoid fitted to the data
points. If the points form a track, one of these eigenvectors will have a much higher
eigenvalue than the other two. This eigenvector is taken as an estimate for the track
direction. Ambiguities can be resolved by selecting the hit candidates closest to the track
estimate. A similar procedure is used to recursively reject outliers, by forming a cylinder
around the track estimate with a radius proportional to the second largest eigenvalue.
All hits outside the cylinder are rejected. The outlier rejection is recursively repeated for
an optimal result. In a later stage of reconstructing more complex events this algorithm
can potentially be used to cluster [3D] space points in order to separate multiple tracks.
The [PCA] ambiguity rejection is illustrated in Figure [5.9]

The final step consists of a Kalman filter. For this the well-established [Generic tracky
[Fitting toolkit (GENFIT)| |[119, [120] was used. lonisation losses and in are
taken into account. The particle is assumed to be a minimum-ionising muon with an
initial momentum of 260 MeV ¢! in the direction of the track estimate from the PCAl A
recursive algorithm capable of dealing with outliers was chosen, a so-called deterministic
annealing filter. It rejects outliers by assigning successively lower weights to them with
each recursion step. For more details see the respective publications |119} [120]. The
resulting track is shown in Figure [5.10]

Technically, the Kalman filter would be capable of fitting the particle momentum or
even particle type to the data. At the time of writing this is not implemented yet. In
particular, the momentum stays roughly at the initial guess of 260 MeV ¢ ', assuming a
minimum ionising muon in A potential explanation for this is that the resolution of
the detector is too low to estimate momentum from [MCS| Another explanation might be
the hit finder missing hits due to non-optimal tuning. Proper tuning of the reconstruction
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Figure 5.9.: Reconstructed hit candidates from the hit finder. The passing particle
is most likely a cosmic p (the same for Figures [5.6] through entering
from the left. Drift direction is from right to left. Pulse shape is encoded as
thickness. In the top plot colour codes the amount of collected charge. The
middle plot illustrates the ambiguity resolution employing a [PCA] Green hit
candidates are accepted while dark red ones are rejected. This is achieved
by selecting the candidate closest to the eigenvector of the point cloud with
the largest eigenvalue, represented by the blue line. In the bottom plot the
degree of ambiguity is colour-coded: Light green are unambiguous hits while
dark green are selected candidates of ambiguous hits. Dark red through black
are rejected candidates of ambiguous hits, where darker colour represents
a higher degree of ambiguity. As this is quite a clean track with only a
few short § rays, there are no outliers rejected other than the multiplexing
ambiguities. Interactive versions of these event displays are available onlineﬁ

“https://70rc.github.io/ac_pix_3d
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Figure 5.10.: Track fitted by the Kalman filter. The shaded volume represents the [TPC]
The passing particle is most likely a cosmic p (the same for Figures
through entering from the left. Drift direction is from right to left.
The yellow points are the input to the Kalman filter, the accepted hits from
the [PCA] Blue is the output, a fitted track taking into account ionisation

losses and in .

requires a full simulation chain of the detector which is not yet available. Using data to
tune the reconstruction is prone to the introduction of circular biases. On the other hand,
most of the difficulties emerge from the multiplexing ambiguities and their resolution.
While the presented almost full [BD] readout has already reduced the reconstruction
complexity compared to a classical wire readout, an ambiguity-free readout will make
reconstruction another big step easier by completely eliminating the need to resolve
ambiguities. My results described above triggered the development of the pixel
readout electronics at [LBNTJ] described in Section [4.9

5.3. PixLAr

After my successful test with cosmic muons at [LHEP] a scaled-up prototype of the pixel
readout, employing the same multiplexing scheme, was built for a beam exposure in
the experiment at [FNATJ [LArTAT] consists of the former [ArgonNeuT] [121]
cryostat and placed in a test beam. The tertiary beam line produces mainly
pions and protons, as well as electrons, muons, and kaons at a lower rate. Their
momentum spectrum can be tuned from 0.2 GeV ¢ ' to 2.0 GeV ¢! by means of bending
magnets. 5501 of are contained in a cylindrical cryostat. It houses a[TPC|with 47 cm
drift length and a 40 cm x 90 cm readout plane parallel to the beam direction, resulting
in an active volume of 1701. For the pixel test, called PixLLAr, the original wire planes
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Figure 5.11.: One of the two PixLAr readout half planes with the [ArCLight| module
attached. The bottom picture shows the inside of the [LArTAT|[TPC| with

the PixLLAr |ArCLight| assembly installed.
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Figure 5.12.: PixLAr beam event.

were replaced by a 120 x 240 pixel readout. At 3mm pitch this gives an instrumented
area of 36 cm x 72cm. The readout plane had to be split into two mirror-symmetric,
electrically independent half planes due to constraints from the PCB| manufacturer. Each
120 x 120 pixel half plane is divided into 8 x 15 of 15 x 8 pixels each. The
are oriented with their longer dimension parallel to the beam direction to reduce the
multiplexing ambiguities. One of the noise mitigation measures implemented for the
[LHEP] pixel demonstrator was to use the same differential warm signal path as used
by [LArTAT] Therefore, the charge readout electronics used in PixLAr are quite similar
to the ARGONTUBE chain described in Section after the upgrades. To trigger
on scintillation light one end of the is equipped with a 43cm x 15cm
module (see Section while the other end features an [107] detector for
comparison. Figure [5.11] shows one of the readout half planes with the module
attached.

Over several weeks beam and cosmic muon data was taken. At the time of writing no
official results were available. Nevertheless, preliminary analyses indicate a successful
scale-up of the pixelated concept. The achieved is comparable to what
was reached with the prototype at (see Section . A recorded beam event is
shown in Figure [5.12]
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5.4. The ArgonCube Approach

[LHEP)] has formed the ArgonCube collaboration with the goal of developing a novel fully
modular type of addressing the challenges mentioned in Section Modularity
reduces pile-up and allows for shorter drift-times and thus slackens the requirements on
argon purity and [HV] A modular detector furthermore reduces event pile-up because the
acquisition time is reduced to the size of one half module. Maintenance and upgrading of
a modular detector is much easier than for a monolithic one. In case of a fault condition,
the affected module(s) can be shut down and repaired or replaced individually without
affecting the rest of the detector. During construction data-taking can be commenced as
soon as the first module is operational without waiting for the commissioning of the whole
detector. Finally, trigger purity profits from a modular approach because scintillation
light is contained within each module, allowing for a localised trigger.

ArgonCube is made of self-contained [TPC| modules sharing a common cryostat. A
module is made of a rectangular box with a square footprint and the height required by
physics goals and/or sensitivity constraints. The top and bottom flanges are made of
stainless steel while the side walls are made from 1 cm G10 sheets. G10 is a glass-reinforced
epoxy composite formerly used for [122]. Its radiation length (X, = 19.4 cm)
and hadronic interaction length (A, = 53.1cm) [123] are both comparable to (see
Table . This makes G10 structures in almost transparent for passing particles
allowing for a performance comparable to a monolithic detector. The module walls
produce gaps in particle tracks traversing multiple modules similar to dead wires in
classic readouts. Algorithms to join such segmented tracks already exist [124].
However, a detailed study of the influence of module walls on reconstruction efficiency still
needs to be performed. At the same time, inactive volume is drastically reduced compared
to a monolithic design due to the comparably low cathode voltage. The modules are
placed side-by-side in a bath of where they can be extracted and reinserted as
needed. Pressure inside the modules is kept close to the bath pressure putting almost no
hydrostatic force on the module walls. Purity of the[LA1]is maintained within each module
by means of a recirculation system. As a result, the argon surrounding the modules needs
not meet as stringent purity requirements as the argon inside. Under normal operation
conditions all modules are inserted with only clearance distances between modules, and
adjacent top flanges sealed using indium. An engineering drawing of an ArgonCube
module is shown in Figure [5.13]

To extract a module the indium seal around the flange in question is removed. The
module is then slowly lifted up by a crane and the is drained to the surrounding
bath through a hydrostatic outlet valve at the module bottom by means of gravity. A
dummy flange is located at the bottom of each module, with equal dimensions as the
top flange but without any feedthroughs. When the bottom flange reaches the original
position of the top flange, it is resealed with indium and then detached from the module,
which is now free and can be brought to its destination. Upon reinsertion the procedure
is reversed. First, the module is reattached to the dummy flange and the indium seal
is removed. Then, it is slowly inserted into the argon bath while being filled through
a hydrostatic inlet valve at its bottom by means of hydrostatic pressure. As soon as

99



5. A Novel Implementation of the LAr'TPC Technology

LAr Pump Motor

Feedthroughs

Stainless Steel Top Flange

Foam Insulation
LAr Pump Impeller

HV Feedthrough<
LAr Pipes

G10 Walls
Pixel Plane

Cathode

ArCLight Modules

|

Field-Shaping Rings

Hydrostatic LAr Check Valves
........ "

-
L] w0 r ) A ( [/
5‘1 ‘ i||L|U~|{ |!”! I I»_‘ "1’ G10 Floor
= — LAr Heat Exchanger

G10 Support Structure

Stainless Steel
Bottom Dummy Flange

Figure 5.13.: Engineering drawing of a 0.67m x 0.67m x 1.81 m ArgonCube module for
the 2 x 2 module prototype at [LHEP| (see Section .
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the top flange of the module reaches the top flanges of the other modules, the indium
seal is reinstalled. Figure [5.14]illustrates the sealing of the argon bath for all modules
inserted (left) and one module extracted (right), in the 2 X 2 prototype at (see
Section .

During module insertion and extraction the argon flow is controlled by hydrostatic
check valves located at the module bottom. They require a minimal differential pressure
to open. Purity inside to modules is maintained by means of continuous recirculation
through oxygen traps. The dirty argon is sucked in at the module top and then pushed
through the oxygen traps. The clean argon is first routed through a heat exchanger,
located below the module inside the outer bath, for cooling and then re-enters the module
at the bottom. For optimal heat transport the argon flow is directed along the cold
electronics. To prevent dirty argon from the bath entering the modules their interior is
held at a slight overpressure, just below the opening pressure of the check valves. Cooling
power to the bath is supplied by cryocoolers located in unistrumented volumes at the
side of the detector called service volumes.

There are two slightly different options for the recirculation system. To maximise
module autonomy each module can be equipped with its own oxygen trap and pump.
One drawback of this is the very high cost of pumps. Additionally, the DUNE]
[ND] complex is planned to consist of a magnetised detector besides an unmagnetised
The resulting magnetic stray fields might interfere with the electric motors of
pumps on top of the modules. Using a shared recirculation circuit is more economic
but reduces module autonomy. An external system comprising pumps and oxygen traps
can be located outside the argon bath (and potential magnetic stray fields), connected to
the modules via tubes.

One big problem that can be solved by a modular [TPC| design is the high cathode
voltage required for large monolithic detectors, and the resulting stored energy. As each
module contains its own independent of all other modules, the required cathode
potential only depends on the module size, not the detector size. To minimise the
cathode voltage the drift field is applied along one of the short edges of a module. In
addition, the module is split in two half by the cathode, reducing the voltage by
another factor of two. Thus, for a module footprint of 1m x 1 m and an electric field
of 1kVem™" a cathode potential of only 50kV is required. Operating a at
this voltage is challenging but feasible without a prohibitive loss in active volume [62].
The [HV]is brought into the module using a feedthrough similar to the one used for the
breakdown studies presented in Section Owing to the moderate cathode voltage
commercial alternatives are also available. Field-shaping rings can be realised as copper
traces printed directly on the G10 module walls using conventional [PCB] techniques.
They are connected via [HV] resistors in the same fashion as for a classic [LA'TPC| An
improved solution with a continuous resistive-plane field cage is under investigation. This
could provide a very homogeneous field paired with simple mechanics. The difficulty
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Figure 5.14.: Inserted (left) and extracted (right) ArgonCube module in the 2 x 2 module
prototype at [LHEP| (see Section . The bottom dummy flange of the
extracted module seals the bath.

is to find a material with the required sheet resistivity of ~ 1GQ/ scﬂ that is stable at
cryogenic temperatures and depositable on G10.

The high rates present in an [ND] environment will lead to a significant amount of event
pile-up. Disentangling the individual neutrino events requires a highly capable charge
readout. Solving this task with a projective wire readout is more than doubtful. To
enable true 3D] tracking the modules are equipped with a pixelated charge readout very
similar to the one described in Section Pixelated anode planes are located on the
two module walls parallel to the cathode. The bespoke cryogenic electronics,
described in Section are used to digitise the signals in cold to achieve unambiguous
information.

One of the main challenges for the light readout are again the high rates faced by
an To get proper timing for the third spatial coordinate scintillation signals need
to be correctly matched to charge signals (flash matching). Furthermore, attenuation
due to Rayleigh scattering becomes a problem for large detectors (see Table |3.1). Both
problems are greatly alleviated by using an opaque cathode and module walls, containing
the scintillation light inside a single module half . Therein, pile-up is reduced
due to the smaller volume. Having a position-resolving light readout helps as well.
However, a modular [TPC] introduces a new challenge: The dead spaces in between

3Sheet resistivity only depends on the aspect ratio of the sheet but not its area. It is therefore quantified
as a resistance per square.
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adjacent have to be kept to a minimum because they introduce gaps in the
recorded event topologies accompanied by lost energy. Classic could therefore
only be mounted at the top and/or bottom of the module, but they would still waste
active argon volume. Additionally, the light would be collected at the far ends of a
long narrow volume, reducing efficiency. Finally, due to their operating principle
do not work well in high electric fields, such as near the field cage at the module top
and bottom. Therefore, ArgonCube modules are instrumented with the light
collection system described in Section [£.12] With its light trap design it allows light
collection from a large area with a minimal dead volume. The location of the at
the edges of a dielectric sheet makes most of the light detector immune to electric fields.
Splitting into several horizontal strips stacked vertically gives some spatial
resolution in the vertical direction. sheets are mounted in between cathode
and anode, parallel to the field cage, with the directly attached to the charge
readout [PCB| The additional dead volume of a few mm is similar to the one caused by
the charge readout in perpendicular direction.

103
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While Section gave a general overview of the ArgonCube concept, this chapter focuses
on the detailed implementation for the DUNE|[Near Detector (ND)| After I established
the required key technologies with this work, the next step is a 2 x 2 module prototype
at [LHEP] The current status of an ArgonCube component for the DUNE|[ND]|
complex is also described. Finally, I provide a proof that ArgonCube can handle the
expected high event rates.

6.1. 2 x 2 Module ArgonCube Prototype

The goals of this prototype are testing the mechanical design and cryogenic systems,
comparing different charge and light readout systems, and studying module insertion
and extraction procedures with a focus on their influence on purity. For comparison,
one of the four modules will be equipped with a classic wire readout. To investigate
purity first tests will be performed with the ArgonCube demonstrator described in
Section The will be mounted inside an otherwise empty module, hanging from
an intermediate support layer. This will also serve as a first cryogenic stress-test of the
module structure and purification.

The four modules will be housed in an existing cylindrical, vacuum-insulated cryostat
at [LHEP] An artistic view is shown in Figure [5.14] With its approximately 2m diameter
by 2m height the cryostat provides a bath volume of roughly 6 m®. To fit inside
the bath the modules are scaled down to a footprint of 0.67m x 0.67m and a height
of 1.81 m. Instead of service volumes cooling is provided by two turbo-cooling circuits
attached to the inner cryostat wall inside the insulation vacuum. They cool the
bath via evaporation of liquid nitrogen. The nitrogen flow has to be regulated precisely
to keep the stable and prevent it from boiling or freezing.

The height of the actual in a fully equipped module is 1235 mm. Due to the
split{TPC] design the resulting cathode voltage required for a 1kV em™" field is below
35kV. On the bottom 160 mm are occupied by the heat exchanger and check valves for
exchange with the bath upon insertion and extraction. The remaining room on
top of the is filled up by the [HV] feedthrough, a buffer gas phase, and an optional
recirculation pump. All support structures except for the flanges at the module top
and bottom are made from Amsler & Frey HGW 2372 G10 [122], including most of the
screws. The thickness of the side walls is 10 mm while the flanges are made of 20 mm
stainless steel plates. An engineering drawing of a 2 x 2 prototype module is given in
Figure [5.13] It uses a pump donated by [FNAT]in combination with oxygen traps

mounted on top of the module.
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Figure 6.1.: Dimensions of a 0.67m x 0.67m x 1.81 m module, equipped with the pixel
demonstrator for the 2 x 2 module ArgonCube prototype at .
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Figure 6.2.: Engineering drawing (left) and picture (right) of a 0.67m x 0.67m x 1.81m
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Table 6.1.: ArgonCube dimensions for the 2 x 2 prototype at and the preliminary
[DUNE][ND] design. Charge and light readout thicknesses are given per wall,
i.e. the resulting dead space per module is twice as big. Both are preliminary
estimates. For simplicity clearance between adjacent modules is included in
these numbers.

Dimension 2 x 2 ND Unit
Detector size 2x2 4 x5 mod
Module footprint 0.670 x 0.670 1.000 x 1.000 m?
Module height 1.810 3.500 m
height 1.235 3.000 m
Total volume 2.218 60.000 m®
Flange thickness 0.020 0.020 m
Side wall thickness 0.010 0.010 m
Charge readout thickness 0.020 0.020 m
Light readout thickness 0.005 0.005 m
Total dead volume 0.289 5.292 m®
Active volume fraction 87.0 91.2 %

Figure 6.1] gives the detailed dimensions of a prototype module. It depicts the first
module, which will be equipped with the demonstrator [TPC| For this test an internal
pump salvaged from ARGONTUBE will be used. An engineering drawing together with
a picture of the pixel demonstrator module is given in Figure [6.2]

Table gives an overview of the most important dimensions of the 2 x 2 module
prototype at and the preliminary design (see Section. In particular,
the table contains a rough estimate of dead space, caused by the modular design, and
the corresponding active volume fraction. For these calculations a total charge readout
thickness of 20mm and a total light readout thickness of 5mm were assumed. The
difference is caused by the fact that charge readout electronics are located directly behind
the readout while the are only mounted on the edges of the modules.
Additionally, a few mm clearance between the anode plane and the module wall are
required for convection cooling of the electronics. Readout thicknesses also
include the clearance between adjacent modules (~ 1 mm). The resulting total fraction
of active volume is 87.0 % for the 2 x 2 module prototype.

In a first phase the 2 x 2 prototype will be operated in the Grosslabor of LHEP] taking
cosmic ray data. After a successful test of all subsystems, it is planned to be installed in
a test beam at either CERN or to investigate the influence of the module walls on
calorimetry and tracking.
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Figure 6.3.: Influence of the [LArTP(]| size in the |DUNE complex on hadron con-

tainment. Given in cross-section coverage as a function of neutrino energy.
Horizontal dimensions are held constant at their nominal values of 4m x 5m.
Height is indicated by colour. See text for explanation of cross-section
coverage. [125]
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6.2. Preliminary ArgonCube Near Detector Design

The ArgonCube [ND] design is based on a scaled-up version of the 2 x 2 module prototype
design described in Section [6.1] Modules will have a footprint of 1 m x 1 m and a height
of 3.5m. Again, 0.1m at the bottom are occupied by the heat exchanger and valves
while 0.4 m at the top are taken up by feedthroughs and the gas phase. This results in
a[TPC]size of 1m x 1m x 3m, split in two half [TPCs by a cathode at a potential of
50kV. The full detector will consist of 4 x 5 modules with the longer dimension in beam
direction.

Detector dimensions were optimised for maximum hadron containment by means of
simulations done by the neutrino group at [125]. While horizontal dimensions
are unproblematic, the vertical 3m are at the lower limit. According to the simulations,
2.5m would be sufficient but provide no safety margin at all. Reducing the height by
another 0.25m results in a significant loss of hadron containment already. Figure
illustrates this by means of the cross-section coverage as a function of neutrino energy.
Cross-section coverage is similar to containment efficiency but should not be confused
with the latter. To assess the efficiency a detector of the corresponding size in the
neutrino beam is simulated. While this indeed provides a good measure of the efficiency
of the detector to contain different events, it is not necessarily a good quantity to assess
the required detector size. Many events are simply not contained because of their specific
location and/or orientation inside the detector. Cross-section coverage remedies this
deficiency by looking at the actual extent of the event instead of its containment at
a random position inside a realistic detector. On the other hand, an event extending
through the full detector will very likely never be contained in a real detector due to the
low probability of it exactly happening in the right location. Therefore, the maximum
event size needs to be selected smaller than the full detector size. For the simulation
this buffer was chosen as 0.5m in all directions; i.e. an event can have a maximum extent
of 2m x 3m x 4m to be counted as contained in a nominal size detector. Like this
cross-section coverage allows to probe for phase space regions inaccessible to a particular
detector configuration. In Figure it can be seen that cross-section coverage decreases
rapidly for detector heights below 2.5m. A height of 3m is therefore preferable to have
some buffer for yet unknown uncertainties in the simulation.

A pixel pitch of 3mm was chosen. This value has been field-tested in a physics

experiment, [MicroBooNE]| [32], and is below the ~ 5mm wire pitch of the [DUNE
[28]. The electronics described in Section 4.9 are designed to be capable

of handling the data rates and power consumption expected for a 3mm pixel pitch
ArgonCube component. Therefore, a sufficient spatial resolution from a physics
point of view is provided while keeping the power and data rate demands on the readout
electronics under control.

Inspired by the design of the 35t prototype at [28] the bath is
contained within a foam-insulated membrane cryostat. The outer support structure is a
0.3m thick steel-reinforced concrete layer, followed by a 0.4m thick polyurethane foam
layer for thermal insulation. Inside of this is a 2mm thick stainless steel membrane
sealing the bath from the environment. There are several other support layers, all
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Figure 6.4.: Preliminary engineering drawing of ArgonCube in the 4 x5
modules with the longer dimension in beam direction. Service volumes make
up the remainder of the 5m x 5m [LAr]bath contained within a low-radiation-
length foam-insulated membrane cryostat.
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of which with a thickness of ~ 1 mm, with a more detailed description in [28]. The total
thickness of the cryostat wall amounts to 2.88 radiation lengths. Cooling is provided
by 10 uninstrumented 0.5m x 1m service volumes equipped with cryocoolers, arranged
along the two detector edges parallel to beam direction. The total required cryostat
footprint is therefore 5m x 5m.

Table gives an overview of the most important ArgonCube [ND] dimensions, in
comparison to the 2 x 2 module prototype at [LHEP| Due to the bigger modules the
total fraction of active volume is increased to 91.2 %. Drift direction is perpendicular
to beam direction to reduce the hit rate on single pixels. If drift direction is parallel
to beam direction, particle tracks highly parallel to drift direction lead to a very high
rate on single channels, potentially leading to a buffer overflow and thus data loss in the
chip. In addition, power dissipation increases proportionally to the pixel hit rate
due to the smart zero suppression scheme of [LArPix] Another advantage is that dead
space in beam direction between adjacent modules will only be 30 mm due to the very
slim dimensions of Figure [6.4] shows a preliminary engineering drawing of the
ArgonCube component.

6.3. Event Pile-up in the Near Detector

With ArgonCube proposed as the component of the DUNE]|ND]| complex there were
two main questions that needed to be addressed:

1. Is a pixelated feasible?
2. Can the detector handle the high rates?

Number one was addressed in Section [5.1] This and the next section will address question
number two. As described in Section [2.3] the beam will have an intensity of 2 MW.
Paired with the slow (ms) nature of described in Chapter |3| this will result
in multiple neutrinos interacting inside the detector for each beam spill, so-called event
pile-up. A more precise phrasing of question number two is therefore: Can a
disentangle these piled up events? To assess this one of the most difficult reconstruction
tasks—n’-induced showers—was simulated in an ArgonCube component (see

Section [6.2)).

are intrinsically slow detectors with a readout time of ~ 0.5msm ™" for a
1kVem™" drift field (see Chapter [3)). This causes a pile-up of events in the detector; if
the readout was infinitely fast, all neutrino interactions could be separated in time. In
reality even the ArgonCube with a drift length of only 0.5m, corresponding to
a full readout cycle of 250 ps, are significantly slower than the spill duration of 10 ps of
the beamline design (see Table . Figure visualises this effect. The charge
arriving at the readout is represented as an average current in arbitrary units (same for
both plots). Anode and cathode are represented by the vertical red lines, relative to the
trigger timestamp. The amplitude of the readout current is a direct measure for event
pile-up in the corresponding time slice. For simplicity an infinitely short spill duration
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Figure 6.5.: Average current collected for one beam spill as a function of time. The current
is given in arbitrary but equal units for both plots. Anode and cathode are
represented by the vertical red lines, relative to the trigger timestamp. The
upper plot assumes the whole charge is deposited instantaneously while for
the lower plot the actual spill duration from [26] is used.

was assumed for the pile-up study (top), i.e. the whole ionisation charge produced by one
beam spill is deposited instantaneously inside the [TPC| volume. As the time in between
beam spills is ~ 1, all this charge can be read out within one drift time. In this case the
average current (pile-up) seen by the readout is constant over the whole readout cycle.
The realistic case with the spill duration of the DUNE] beam is depicted in the bottom
plot. At the beginning of the readout cycle there is no charge deposited yet, the current
(pile-up) is zero. Over the duration of the beam spill ionisation charge accumulates
inside the [TPC| volume while constantly being transported towards the readout by the
drift field. After the beam spill is over the remainder of the initial drift volume (240 ps)
contains a uniform charge density. Due to the finite spill duration there is an additional
10 ps (falling) ramp after the first 250 ps readout cycle, entering the next readout cycle.
In short, a spill duration shorter than but comparable to the drift time results in the
shape of the ionisation current (event pile-up) seen over time to become a trapezoid
rather than a square. The integral, i.e. the total ionisation charge (deposited energy), is
the same but part of it is shifted from the spill time slice to the beginning of the next
readout cycle. In addition, the peak current (pile-up) stays unchanged as long as the
spill duration is shorter than the drift time. If the spill duration becomes longer than
the drift time, the charge is distributed over more than two readout cycles and the peak
current (pile-up) begins to decrease. Therefore, the assumption of an infinitely short spill
is a worst-case scenario slightly improved by the real, finite spill duration. However, for
96 % of the drift time (240 ps) pile-up is unchanged.
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Table 6.2.: Parameters of the 7° pile-up simulation.

Parameter Value Unit
X-axis orientation Drift

Y-axis orientation Vertical

Z-axis orientation Beam
Resolution X 3 mim
Resolution Y 3 mm
Resolution Z 3 mm
Target volume X —100 to 500 cm
Active volume X 0 to 400 cm
Fiducial volume X 30 to 370 cm
Target volume Y —100 to 350 cm
Active volume Y 0 to 250 cm
Fiducial volume Y 30 to 220 cm
Target volume 7 —400 to 500 cm
Active volume 7 0 to 500 cm
Fiducial volume Z 30 to 470 cm
Detection threshold 0.1 MeV
Cone extent 10 Xo
Cone aperture (full angle) 30 °
Cylinder diameter 5 cm
Beam intensity 2.14 MW
Proton energy 80 GeV
Events per beam spill 0.21 evt/ta,

6.4. Feasibility Study of a Pixelated LArTPC in the
Near Detector

Reconstruction complexity paired with potential impact on physics measurements make
photons produced by 7° decays a good sample to study the robustness to pile-up of
a pixelated in the [DUNE]|[ND] environment. Energy misidentifications lead
to a misreconstructed neutrino energy. The resulting discrepancy to the true neutrino
energy has the potential to skew the measured energy spectrum and thus impact the
oscillation measurements. A significant amount of 7° are produced in various and
neutrino interaction modes (see Table Section [2.4] and [26]). They decay
according to

7 = vy (6.1)

with a branching ratio of 98.8 % [20]. The photons subsequently produce @l showers in

[LA1] (see Section [2.5]). At the energies of the DUNE]| beam (see Figure 2.7) most showers
do not deposit a homogeneous cone of charge but rather a lot of individually resolvable
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AXes:

Y: Vertical

1.0e+01

Figure 6.6.: Event display showing a simple n’-induced shower reconstruction al-
gorithm based on a cone-cylinder union, simulated for the ArgonCube
component. Visible are the three different volumes used for the simulation.
The outermost volume is used to simulate rock events. The active detector
volume is represented by the intermediate volume, divided into modules
by vertical black lines. In order to reduce the number of [EM] showers not
depositing any energy inside the detector a fiducial volume (the innermost)
is defined, and photons are required to be produced therein. Depicted is a
side view of the detector, looking in drift direction. The detailed orientation
is indicated by the coloured arrows.

e* tracks. More importantly, there are often significant gaps in between these charge
clusters. A main challenge of shower reconstruction is to associate these well separated
charge blobs to the correct event.

One way to assess the performance of an analysis of experimental data is to run
it on a simulated dataset. In the simulation the quantities to be measured by the
experiment are known a priori. They are called truth information and can be compared
to the output of the analysis run on the simulated dataset. To simulate the expected
neutrino interactions in the the Argon BoxEl simulation tool was used. The neutrino
group at [LBNT]is developing it with the goal of providing an easy-to-use simulation of
particle interactions in the component of the [ND] Primary particles can either be
provided by a particle gun (e.g. e~, n, p, or u*) or in form of a HEPEVT ﬁleﬂ For this
study 6.6 x 10° neutrino events, produced with the GENIEﬂ neutrino event generator,

1|h'ctps ://github. com/dadwyer/argon_box|
“A file format standard for passage of particle events between different simulation tools
3|https ://genie.hepforge. org|
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6. Towards the DUNE Near Detector

were used. Secondary particle transport and interaction in Argon Box is performed by
Geantéﬁ. Finally, the energy deposition in is voxelised and stored together with all
the necessary ancillary information about the depositing particle. The data is stored
in the tree format of the ROOT data analysis frameworkﬂ This allows for convenient
further processing using ROOT.

To investigate the effects of pile-up on energy reconstruction a working reconstruction
algorithm is necessary. However, at the time of writing official reconstruction tools were
only available for read out by wire planeﬂ Therefore, I implemented a simple
algorithm for true [3D] space points, under the assumption that a positive outcome of
such a pile-up study would imply an even better performance of a more sophisticated
reconstruction. This algorithm is explained in the following, its parameters are listed in
Table [6.2], an example of a simulated event is shown in Figures and

The basic underlying assumption is that a pixel readout without analogue multiplexing
will yield unambiguous [3D] space points of charge deposition with a given resolution,
depending on the geometry of the pixel plane, time resolution of the readout electronics,
and charge transport effects. In Section [5.1] I proved that this is feasible, provided the
current reconstruction ambiguities can be eliminated by a successful deployment of the
charge readout electronics described in Section [4.9, The spatial resolution of
the pixel readout is assumed to be 3mm in both directions, based on the [ND| design
described in Section 6.2l A conservative value of 3mm was chosen in drift direction.
This has several advantages. Choosing the same resolution as the pixel pitch makes
the simulation independent of the orientation of the [TPC| [MicroBooNE] has achieved a
resolution in drift direction < 3mm [32], making it safe to assume will enable
a similar performance with ArgonCube. A conservative value also accounts for charge
diffusion.

Furthermore, it is assumed that [EM] showers can be identified and their starting point
and direction reconstructed with negligible errors and inefficiencies, i.e. this information
is taken from the simulation truth. In reality the direction and starting point can be
derived from the vertex producing the 7°, and a rough shower direction obtained from a
pattern recognition. A cone is calculated in the direction of the shower with its tip at the
first charge deposition of the initial photon. The opening angle and length of the cone
were optimised by looking at the distributions of the distance from the starting point
and the angle w.r.t. the direction of the shower. The finite resolution of the detector
is emulated by voxelising (via rounding) the charge deposition with the corresponding
resolution in all three spatial coordinates. This leads to problems near the tip of the cone,
where the transversal extent is lower than the voxel dimensions. In particular, it can
happen that most of the initial charge is shifted outside the cone. Furthermore, [MCS] at
lower energies makes the cone model suboptimal near the tip. Therefore, the acceptance
volume for the reconstruction is formed of the union of the cone with a cylinder of the

4h‘ctp ://geant4.cern.ch
5https ://root.cern
®http://larsoft. org
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6. Towards the DUNE Near Detector

Figure 6.7.: Close-up view of the pile-up event shown in Figure The acceptance
volume is defined by the union of cone and cylinder. Charge depositions
are depicted by white and coloured voxels whose size represents the applied
resolution of 3mm in all directions. Colour indicates type and acceptance
of energy deposition. White: Different neutrino event, outside acceptance
volume. Cyan: Correct neutrino event but not part of considered [EM]
shower, outside acceptance volume. Dark blue: Correct neutrino event and
shower, outside acceptance volume (missed energy). Green: Correct
neutrino event and [EM] shower, inside acceptance volume. Magenta: Correct
neutrino event but not part of considered [EM] shower, inside acceptance
volume (not present in this example). Yellow (muons), Red (v, n, and
descendants), Orange (neither): Different neutrino event, inside acceptance
volume (misidentified energy).
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2 MW Beam
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Figure 6.8.: Missed energy fraction versus true photon energy for a simple 7 -induced
[EM] shower reconstruction algorithm based on a cone-cylinder union. All
energy deposited outside of the cone-cylinder union is counted as missed.
2MW beam of 80 GeV protons. Entries: Central cell shows plotted entries,
other cells show overflow entries in direction w.r.t. central cell.
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Figure 6.9.: Mean missed energy fraction versus true photon energy for a simple 7°-
induced [EM] shower reconstruction algorithm based on a cone-cylinder union.
All energy deposited outside of the cone-cylinder union is counted as missed.
2MW beam of 80 GeV protons.
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Figure 6.10.: Cumulative fraction of photons versus missed energy fraction for a simple
m°-induced shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited outside of the cone-cylinder union is counted
as missed. The curve depicts the fraction of photons on the y-axis with a
missed energy fraction equal to or lower than the corresponding value on
the x-axis. 2 MW beam of 80 GeV protons.

same length, along the direction of the shower. The cylinder radius was tuned to optimise
the trade-off between missed and misidentified energy deposition as defined below.

Argon Box propagates the neutrino interaction events it gets from GENIE through [LA1]
the output is a ROOT tree of neutrino interaction events. To get a realistic simulation
of beam events in the detector these events need to be distributed randomly in time
and space. Beam spills are simulated by drawing the number of events for each spill
from a Poisson distribution whose mean is calculated from the beam intensity and the
target mass according to the values in Table The resulting number of events is taken
from the Argon Box ROOT tree and their vertices are placed within the volume at
coordinates drawn from a uniform distribution. Combined with the target mass given in
Table this results in an equivalent of ~ 1.5 x 10" . The seemingly low number
(compared to Table [2.3]) is the result of many neutrino interactions happening outside of
the active detector.

Three different argon volumes are assumed for the simulation: target, active, and
fiducial volume. The actual detector dimensions are represented by the active volume.
It is inside the target volume which is the volume within which the neutrino vertices
are placed randomly. This is done to crudely emulate rock events, secondary particles
from beam neutrino interactions outside the detector volume. The additional target
mass is 1m in all four directions transverse to the beam and 4m in upstream beam

direction. According to Equations (2.57)) and (2.58) hadronic showers up to 10 GeV are
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Figure 6.11.: Mean missed energy versus true photon energy for a simple 7’-induced
shower reconstruction algorithm based on a cone-cylinder union. All energy
deposited outside of the cone-cylinder union is counted as missed. 2 MW
beam of 80 GeV protons.

contained > 95 % longitudinally and > 50 % transversally (Equation (2.58) gives the
radius for 95 % containment) in the additional volume. In other words, increasing the
target volume further will not result in significantly more rock events entering the active
volume. For transversal containment it is enough to use the radius for 95 % containment
because the location of the shower is defined by its centre, i.e. showers further away than
one 95 % radius from the detector only deposit a minimal amount of energy inside the
detector. These numbers are supported by Geant4 simulations [126]. As mentioned in
Section [2.5], [EM] interactions happen on smaller scales than hadronic interactions. The
big exception are muons due to their high range. However, it makes sense to ignore
pile-up from muons due to their high reconstruction efficiency, as will be explained below.
Finally, a fiducial volume 30 cm (= 2 X)) smaller than the active volume on all six faces
is defined. Without fiducialisation there is a significant number of photons produced by
7° decays inside the detector but only showering outside the detector. This selection
results in & 5.5 x 10° processed 7 photons from the initial 6.6 x 10° neutrino events.
Table contains a summary of all the volume dimensions, Figure shows an
example event with all three volumes drawn.

Active volume dimensions are taken from the preliminary [DUNE][ND] design described
in Section [6.2] Note that the height was taken as 2.5m as opposed to the 3m of the
[ND] design. The reason is that another 0.5 m safety margin were added after this pile-up
simulation had been completed. The hadron containment studies described in Section [6.2
indicated that 2.5m height is the bare minimum. A safety margin was added to account
for unknown uncertainties in the simulation. However, the same simulation framework
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Figure 6.12.: Mean misidentified energy versus true neutrino energy for a simple n’-
induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants of
neutrinos different from the parent of the corresponding 7° photon is counted
as misidentified. Colour indicates different selections of misidentified energy:
total (cyan); excluding depositions from muons (red); deposition from
photons, neutrons, and their descendants only (blue). 2MW beam of
80 GeV protons.
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Figure 6.13.: Mean misidentified energy fraction versus true neutrino energy for a simple
m°-induced shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants of
neutrinos different from the parent of the corresponding 7° photon is counted
as misidentified. Colour indicates different selections of misidentified energy:
total (cyan); excluding depositions from muons (red); deposition from
photons, neutrons, and their descendants only (blue). 2MW beam of
80 GeV protons.

was used for both the containment and the pile-up study. Therefore, the 2.5m height is
sufficient for the pile-up study.

Cosmic ray backgrounds are neglected for the following reasons. The hall will
have an overburden of 53m, 33 m of rock (2.43gcm ™) plus 20m of dirt (1.7gcm™?).
Simulations predict a muon rate of 2.7 Hzm™? at the top of the hall [127]. Scaled up to
the ArgonCube footprint of 4m x 5m, this results in a rate of 54 Hz for the whole
component. However, the majority of these events can be rejected by means of
a beam spill trigger gate. Looking at Figure[6.5] the total readout time for one beam
spill is 260 pns. Events outside of this window cannot originate from beam neutrinos.
On average this results in 0.014 cosmic events per beam spill, compared to 14.7 beam
events in the simulated detector. Therefore, contributions from cosmic rays can be safely
neglected.

After all events of one spill are placed inside the target volume, all 7° photons produced
inside the fiducial volume are reconstructed using the cone-cylinder algorithm. All energy
depositions inside the active volume are considered. To assess the performance of the
algorithm and the influence of pile-up on neutrino energy reconstruction the following
two errors on the reconstructed energy are calculated for each 7° photon:

121



0.9

0.8

0.7

Cumulative fraction of neutrinos

0.6

0.5

0.4

0.3

0.2—

6. Towards the DUNE Near Detector

2 MW Beam

......................................................................

Misidentified

............ Misidentified, no muons

Misidentified, only neutrals

107 1072 ) 10t ) 1
Fractional erfor on reconstructed neutrino energy

Figure 6.14.: Cumulative fraction of neutrinos versus misidentified energy fraction for a

simple 7 -induced shower reconstruction algorithm based on a cone-
cylinder union. All energy deposited inside the cone-cylinder union by
descendants of neutrinos different from the parent of the corresponding 7
photon is counted as misidentified. Colour indicates different selections of
misidentified energy: total (cyan); excluding depositions from muons (red);
deposition from photons, neutrons, and their descendants only (blue). The
curve depicts the fraction of neutrinos on the y-axis with a misidentified
energy fraction equal to or lower than the corresponding value on the x-axis.
2 MW beam of 80 GeV protons.
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Missed energy is the energy deposited by the corresponding 7° photon (or its des-
cendants) that is outside the cone-cylinder union and therefore “missed” by the
algorithm. This is a measure of the reconstruction performance and can be used to
ensure optimum tuning of the union parameters.

Misidentified energy is the energy inside the cone-cylinder union deposited by descend-
ants of a different (“wrong”) parent neutrino. This is a measure of event pile-up:
the higher the charge deposition by other events inside the union, the higher the
event pile-up.

Using this general definition of misidentified energy leads to quite mediocre results.
However, there are some assumptions that can be taken even without knowing the
actual reconstruction algorithm. From results of earlier experiments [124] the muon
reconstruction can be assumed to be very efficient. Assuming 100 % reconstruction
efficiency for muons and 0% for all other particles can therefore serve as an upper limit
for misidentified energy. It can be calculated by ignoring energy deposited by muons
originating from other parent neutrinos. A lower limit for misidentified energy can be
calculated by assuming 100 % reconstruction efficiency for all charged particles and 0 % for
neutral particles (7 and n). This is calculated by only taking into account misidentified
energy deposited by neutral particles. Even assuming 0 % reconstruction efficiency for
neutral particles is potentially too pessimistic. Future, more sophisticated reconstruction
algorithms (e.g. based on machine learning) might be able to partially reconstruct the
topology of charge depositions originating from neutral particles and thus prevent their
misidentification. Therefore, it can be assumed that the actual pile-up-related energy
reconstruction error is closer to the lower limit and potentially even below. It should
be noted that the upper limit excludes only energy deposited by muons directly and
not by their descendants (e.g. § rays or Michel electrons). Whereas the lower limit
excludes charge deposited by photons, neutrons, and any of their descendants. Figure[6.7]
illustrates the distinction of various energy depositions for an example event. In particular,
it can be seen that J rays (orange) are not counted towards energy deposited by muons
(vellow). The long red track is an example of a deposition originating from a photon or
neutron (descendant) included in the lower limit sample but very likely reconstructible
by future algorithms.

Missed and misidentified energy by the cone-cylinder union are analysed as a function
of true photon and neutrino energy, respectively. As mentioned above, the missed energy
is used to measure the performance of the employed photon reconstruction algorithm.
Therefore, it is sensible to compare it to the true photon energy rather than the true
energy of its parent neutrino. On the other hand, the primary goal of this study is to
assess the effect of event pile-up on the neutrino energy spectrum. The misidentified
energy is thus compared to the true neutrino energy. For this the total misidentified
energy of each neutrino event is first calculated by summing up the contributions of all
descending 7° photons. Additionally, it is illustrative to look at the fraction of events
with a certain misidentified or missed energy. For misidentified energy this is the fraction
of neutrino events containing 7 -induced showers, not the fraction of all neutrino
events. All the aforementioned information is contained in histograms of all events
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Figure 6.15.: Mean missed energy fraction versus true photon energy for a simple n°-
induced shower reconstruction algorithm based on a cone-cylinder union.
All energy deposited outside of the cone-cylinder union is counted as missed.
2MW beam of 80 GeV protons. As a primitive simulation of a wire
readout, only X- and Z-coordinates are used for the energy reconstruction.

with the true neutrino (photon) energy on one axis and the misidentified (missed) energy
on the other axis. The energy dependence of the error can be obtained by looking at
the true energy axis and calculating the mean misidentified (missed) energy for each bin
(a profile of the [2D| histogram). Looking at the misidentified (missed) energy axis and
summing over all true energy bins yields the number of events with the corresponding
misidentified (missed) energy (a projection of the histogram). The corresponding
fraction of events is obtained by normalising the histogram, i.e. dividing every bin by
the total number of entries. It should be noted that for the projections all values in the
corresponding y-bin are taken into account, including the ones outside the boundaries of
the histogram (under- and overflow). For the profiles, only events with energies from
0 GeV to 6 GeV or energy fractions from 0 to 1 are taken into account.

The results for a 2MW beam at 80 GeV proton energy are shown in Figures
through [6.14] To illustrate the relation between the different histograms all of them are
shown for the missed energy in Figures through [6.10] The initial histogram is
shown in Figure[6.8] Note that it actually depicts the missed photon energy as a fraction
of the true photon energy rather than an absolute value. Figure is the profile of the
x-axis, i.e. the mean missed energy fraction for each true energy bin. The projection of
the y-axis is depicted in Figure This is the fraction of photons with a certain missed
energy. It is drawn as a cumulative fraction, which means that the curve represents
the fraction of photons on the y-axis with a missed energy fraction equal to or lower
than the corresponding value on the x-axis. A consequence of this is that the curve
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Figure 6.16.: Mean misidentified energy versus true neutrino energy for a simple 7’-
induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants of
neutrinos different from the parent of the corresponding 7° photon is counted
as misidentified. Colour indicates different selections of misidentified energy:
total (cyan); excluding depositions from muons (red); deposition from
photons, neutrons, and their descendants only (blue). 2MW beam of
80 GeV protons. As a primitive simulation of a wire readout, only X-
and Z-coordinates are used for the energy reconstruction.
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Figure 6.17.: Mean misidentified energy fraction versus true neutrino energy for a simple
m°-induced shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants of
neutrinos different from the parent of the corresponding 7° photon is counted
as misidentified. Colour indicates different selections of misidentified energy:
total (cyan); excluding depositions from muons (red); deposition from
photons, neutrons, and their descendants only (blue). 2MW beam of
80 GeV protons. As a primitive simulation of a wire readout, only X-
and Z-coordinates are used for the energy reconstruction.

monotonically approaches one towards the right, 100 % of the reconstructed photons
have a missed energy fraction of 100 % or less. For reference Figure [6.11| shows the mean
absolute missed energy per true energy bin.

It can be seen that the absolute missed energy rises more or less linearly with the true
energy (Figure . This indicates that the cone models the shower well, as expected
from theory (see Section . Indeed, it can be seen from Figure that the missed
energy fraction stays almost constant at 3% from 1GeV to 6 GeV. It starts to increase
below 1 GeV, reaching almost 10 % in the lowest energy bin (0 MeV to 125 MeV). This can
be explained by the increase in[MCS|at lower momenta. Similarly, the Compton scattering
cross-section increases as well. Both these effects lead to a higher angular distribution of
the energy deposited by electrons (and positrons) and photons. Consequentially, more
energy is missed because the cone angle is independent of energy. From Figure [6.10] it
can be seen that for roughly half of the photons 3% of the energy is missed, indicating a
symmetric distribution of missed energy around the mean value. It should be noted that
energy deposited outside the detector, so-called leakage, is included in the missed energy.
Despite the fiducial volume some events still exit the detector.
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Figure 6.18.: Cumulative fraction of neutrinos versus misidentified energy fraction for a

simple 7 -induced shower reconstruction algorithm based on a cone-
cylinder union. All energy deposited inside the cone-cylinder union by
descendants of neutrinos different from the parent of the corresponding 7"
photon is counted as misidentified. Colour indicates different selections of
misidentified energy: total (cyan); excluding depositions from muons (red);
deposition from photons, neutrons, and their descendants only (blue). The
curve depicts the fraction of neutrinos on the y-axis with a misidentified
energy fraction equal to or lower than the corresponding value on the x-axis.
2MW beam of 80 GeV protons. As a primitive simulation of a wire
readout, only X- and Z-coordinates are used for the energy reconstruction.
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Figure 6.19.: Mean missed energy fraction versus true photon energy for a simple n°-
induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited outside of the cone-cylinder union is counted
as missed. 10 MW beam of 80 GeV protons.

The behaviour of the misidentified energy is almost opposite to the missed energy:
The absolute value is almost constant with the true neutrino energy (Figure while
the fraction of the total energy is inversely proportional to the true energy, accordingly
(Figure . This is expected as the amount of charge deposited inside the cone
originating from other neutrinos should only depend on the geometry of the acceptance
volume (i.e. the parameters of the cone-cylinder union) and on the event rate, but not
on the true energy of the reconstructed photon or its parent neutrino. The effect of
the different misidentified energy selections can be seen well. As mentioned above, the
actual error on the reconstructed neutrino energy is probably somewhere in between the
red curve, only rejecting misidentified energy deposited by muons, and the dark blue
curve, rejecting all but misidentified energy deposited by photons and neutrons or any of
their descendants. From Figure this can be determined to be about 2% to 3% at
the flux peak (= 2.5GeV, see Figure . The cumulative neutrino fraction versus the
misidentified energy fraction reveals another interesting fact: It can be seen that about
70 % of the events experience a pile-up-related error on reconstructed neutrino energy of
1% or less. For roughly 50 % of the events it is even below 0.1 %. If it was possible to
identify the other 50 % somehow in the real experiment, they could be ignored, giving an
essentially pile-up-free sample. This would be easily affordable given the high event rates
in the [ND] In case of the cone-based algorithm described here, [EM] shower pile-up could
be detected via overlapping cones for instance.

To get a rough idea of the performance of a 2D] wire readout in an identical environment
the same study was performed ignoring the Y-coordinate completely, leaving everything
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Figure 6.20.: Mean misidentified energy versus true neutrino energy for a simple n’-
induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants of
neutrinos different from the parent of the corresponding 7° photon is counted
as misidentified. Colour indicates different selections of misidentified energy:
total (cyan); excluding depositions from muons (red); deposition from
photons, neutrons, and their descendants only (blue). 10 MW beam of
80 GeV protons.

else untouched. Of course, this is a gross underestimation of the capabilities of existing
reconstruction algorithms for 2D] charge readout data. In particular, contemporary
experiments use at least three projections whereas only one was used here. Even
though, doing this comparison serves to show that the simple cone-cylinder union
reconstruction algorithm breaks down for two dimensions as can be seen in Figures |6.15
through [6.18] The fraction of events not suffering from pile-up is below 10 % while 50 %
have 10% or more misidentified energy (Figure [6.18). Similarly, the error on energy
reconstruction has increased to 12 % to 23 % at the flux peak (Figure[6.17). On the other
hand, the error due to missed energy has improved from 3% to 2% compared to
(Figure . An explanation for this is that all the energy in Y-direction was summed
up due to the projection on XZ. Therefore, the cone (or rather triangle) cannot miss
energy in the former direction.

Finally, as a cross-check the pile-up study was performed for a hypothetical 10 MW
beam in Figures through As explained above, the missed energy only depends
on the geometry of the acceptance volume, it should be independent of beam intensity.
Therefore, it is expected to be very similar to the 2 MW case, as can be confirmed by
comparing Figure [6.19) to Figure [6.91 As expected, the error due to misidentified energy
is increased to 8 % to 15 % at the flux peak (Figure but still better than for the XZ
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Figure 6.21.: Mean misidentified energy fraction versus true neutrino energy for a simple
m°-induced shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants of
neutrinos different from the parent of the corresponding 7° photon is counted
as misidentified. Colour indicates different selections of misidentified energy:
total (cyan); excluding depositions from muons (red); deposition from
photons, neutrons, and their descendants only (blue). 10 MW beam of
80 GeV protons.

projection. Similarly, only about 10 % of the neutrino events remain pile-up free while
50 % suffer from more than 4 % misidentified energy (Figure |6.22)).

In summary, I have shown that even a very simple [EM] shower reconstruction al-
gorithm, employing a cone-cylinder union selection, performs well in the high-multiplicity
environment of the DUNE]|[ND| when fed with unambiguous [3D] spatial coordinates of
energy depositions. The mean deposited energy missed by the algorithm is less than 3 %.
More importantly, the pile-up-related misidentification of energy depositions from other
events has a mean of 2% to 3 %. For more than 50 % of the neutrino events containing
7°-induced showers this error is even smaller than 0.1 %. If a way is found to flag
the other 50 % as piled up during event reconstruction, a sample of neutrino events
almost free of pile-up can be generated. In comparison, the [FD]is required to have an
energy resolution for stopping hadrons below 10 % and an electron energy resolution of
1% @15 % x /2 [28]. Provided that a successful [LArPix| enables unambiguous
tracking information, ArgonCube will be capable of handling the high rates expected
in the [DUNE][ND] environment without significant contributions to the error budget.
The employed reconstruction algorithm clearly fails when reduced to two dimensions or
confronted with a much higher beam intensity.
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[DUNE]is a long-baseline neutrino oscillation experiment aiming to discover [CP|violation in
the lepton sector and determine the neutrino mass ordering. will be deployed
in the [FD] complex due to their excellent tracking and calorimetric capabilities. A
component is also required in the [ND| complex to bring beam-related systematic
uncertainties below the required 2 %. The [ND| environment will be very challenging due
to the slow readout (= 0.5msm™") of LArTPCIS compared to the beam spill duration
(10ps). The high beam intensity will therefore lead to 0.2 neutrino events per tonne of
argon and beam spill. In this thesis most of the relevant challenges for in
future high-multiplicity environments were studied alongside potential solutions, namely
the dielectric strength of new charge and light readout methods, as well as the
required next-generation charge readout electronics.

The ARGONTUBE detector demonstrator built at [LHEP] found the dielectric strength
of to be much lower than the predicted ~ 1 MV em™'. This led to a systematic study
of dielectric breakdowns in [LAx]l In particular, we found that the dielectric strength is
dependent on absolute dimensions. I recorded and analysed high-speed footage, current-
voltage characteristics, and optical spectrometry of breakdowns. A conclusive theory of
dielectric breakdowns in at the centimetre scale was developed [6]. The phenomenon
is governed by three distinct phases: field emission, streamer, and spark. Understanding
the process enabled the development of a technique to mitigate breakdowns |7]. However,
this solution proved to be unreliable. Only keeping fields below 40kV cm ™' everywhere
in the detector guarantees a safe operation. This can either be reached by decreasing
cathode voltages or increasing uninstrumented clearance volumes around [HV] components.
Avoiding additional dead volume intrinsically motivates a segmented [TPC| design
with lower cathode voltages.

Classical wire plane readouts of have significant drawbacks. Besides their
mechanical fragility, they cripple the excellent tracking capabilities of a [TPC| by
reducing it to multiple 2D] projections. This is highly problematic in high-multiplicity
environments such as the DUNE|[ND] due to the complex event topologies resulting from
event pile-up. In a preliminary study I showed that the mechanical challenges met by
wire plane charge readouts can be alleviated by replacing the wires with copper tracks
printed on a thin Kapton layer. However, this does not solve the inherent ambiguities
caused by wires. A true [2D] readout in form of pixels is needed instead.

Realising a pixelated is complicated by the high number of channels. Cold
digitisation can help by aggregating many pixels on a single high-speed digital link,
reducing the number of required cable feedthroughs out of the cryostat. I evaluated
the cold digitisers foreseen for the DUNE]|[FD] and found them to be unsuitable for a
pixelated [ND| Being optimised for wire readouts their power dissipation is much too
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high given the required number of channels. With no suitable cold electronics at hand I
implemented a form of analogue multiplexing to demonstrate a pixelated at
the price of introducing some ambiguities in the [3D] spatial information. Like this it
was possible to use the existing charge readout electronics from ARGONTUBE. The
successful demonstration of pixels provides the basis for the charge readout in ArgonCube.

I designed and built a new prototype [TPC| to test the pixelated charge readout scheme.
I extended the ARGONTUBE readout electronics by a differential warm signal path and
reduced the parasitic capacitances in the pixel readout [PCB] With this improvements an
of 14 was reached, proving pixels feasible for operation in real physics experiments.
Together with the group of LHEP] I successfully recorded several thousand cosmic
muon tracks. These results triggered the development of bespoke cold pixel electronics,
[LArPix] by [LBNL]aimed to eventually enable an ambiguity-free pixelated charge readout
in ArgonCube. uses a smart zero suppression scheme to meet the stringent power
dissipation requirements of a pixelated charge readout.

I developed a new software framework to reconstruct the cosmic muon tracks recorded
with the pixel demonstrator. The hit finder had to be written from scratch because all
existing reconstruction frameworks are optimised for wire readouts. A [PCA]
was employed to solve the ambiguities stemming from the analogue multiplexing. Finally,
the unambiguous [3D] measurements were fed to [GENFTT] an existing generic track-fitting
toolkit based on a Kalman filter. Therewith, I obtained fully reconstructed cosmic muon
tracks, illustrating the advantages of the ArgonCube approach over existing schemes.
This software framework serves as a starting point for future efforts on the reconstruction
of true spatial information recorded with ArgonCube. Both pixel demonstration and
event reconstruction have been presented at conferences [10] by me and published in

a paper [11] of which I am corresponding author.

The pixel demonstrator [TPC| was also used to test the operation of [SIPMg| in [LA1] for
the light trigger system. Based on the findings developed [9], a light
trap maximising the area coverage of while minimising the occupied volume. It
provides a compact light readout for ArgonCube which cannot use a classic PMT}based
light readout occupying large volumes. I contributed to the testing and characterisation
of (rCTight

Scaled up versions of both and the pixelated charge readout were successfully
tested in the PixLAr test beam experiment at [FNAT] These results pave the way for an
application of both technologies in ArgonCube.

Finally, I performed an event pile-up study using simulated 7° decay photons to
demonstrate the ability of a pixelated [LArTPC|to cope with the high event rates expected
in the DUNE|ND] At [DUNE] energies such photons produce [EM| showers consisting of a
plethora of small disconnected charge depositions in the detector. Correctly associating
these to the right neutrino event is one of the most difficult reconstruction tasks. At the
same time, failure to reconstruct them properly significantly distorts the reconstructed
neutrino energy spectrum. Based on the results from the pixel demonstrator I assumed
unambiguous position information for the charge depositions. I employed a simple
cone-based algorithm to associate the charge to the corresponding photon. The mean
deposited energy missed by the algorithm was found to be less than 3 %. More importantly
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the pile-up-related misidentification of energy depositions from other events was found
to have a mean of 2% to 3%. For more than 50 % of the neutrino events this error is
even smaller than 0.1 %. If a way is found to flag the other 50 % as piled-up events, a
sample of neutrino events almost free of pile-up can be generated. In comparison, the

is required to have an energy resolution for stopping hadrons below 10 % and an

electron energy resolution of 1% @ 15% x % Therefore, a pixelated ArgonCube

providing unambiguous [BD] tracking information will be capable of handling the high
rates expected in the DUNE][ND| environment without significant contributions to the
error budget.

The combination of results from all of this work builds the groundwork for the
ArgonCube, a novel fully modular concept, addressing the most important
challenges of future neutrino detectors, in particular the[ DUNE|ND] High cathode voltages
are prevented by splitting the detector into several small, self-contained requiring
only a moderate 50kV cathode voltage. A pixelated charge readout enables the true
tracking required to cope with the high event rates resulting from the high-intensity
neutrino beam. The readout minimises the occupied dead volume inside the
modules resulting in a similar performance to a monolithic detector. At the same time,
the scintillation light is contained within each module, simplifying association to the
correct ionisation signals.

With the most important key technologies for ArgonCube tested the path is clear for
the first modules in the 2 x 2 module prototype at [LHEP] which will test the unification
of all the pieces provided by this work. Cosmic ray events will be recorded and analysed
with the developed reconstruction framework to characterise the physics performance
of ArgonCube. After successful cosmic tests, beam tests will follow at either CERN

or [FNAT] The improvements I made allow to operate in high-multiplicity
environments and led to ArgonCube being the baseline component of the

ND] complex.

Several aspects of the presented work can be continued in the future to further
improve technology. Finding a more reliable coating material than latex for
[HV] components could enable large monolithic detectors. A continuous resistive field
cage has the potential to provide a highly uniform electric field with a simple mechanical
structure. Recent tests indicate that the power dissipation of is low enough to
make a pixelated [DUNE][FD| conceivable. Even though not deemed a requirement as of
today, this would simplify event reconstruction tremendously and improve sensitivities
accordingly. Finally, the modular ArgonCube concept can easily be adapted to other
experiments requiring a high-density, high-precision tracker and calorimeter.
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A. DUNE ND Event Pile-up Study
Data

A.1. 2MW Beam at 80 GeV Proton Energy
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Figure A.1.: Missed energy versus true photon energy for a simple 7’-induced shower
reconstruction algorithm based on a cone-cylinder union. All energy depos-
ited outside of the cone-cylinder union is counted as missed. 2 MW beam
of 80 GeV protons. Entries: Central cell shows plotted entries, other cells
show overflow entries in direction w.r.t. central cell.
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Figure A.2.: Mean missed energy versus true photon energy for a simple 7’-induced
shower reconstruction algorithm based on a cone-cylinder union. All energy
deposited outside of the cone-cylinder union is counted as missed. 2 MW
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Missed energy fraction versus true photon energy for a simple 7’-induced
[EM] shower reconstruction algorithm based on a cone-cylinder union. All
energy deposited outside of the cone-cylinder union is counted as missed.
2 MW beam of 80 GeV protons. Entries: Central cell shows plotted entries,
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Figure A.4.: Mean missed energy fraction versus true photon energy for a simple n°-
induced [EM] shower reconstruction algorithm based on a cone-cylinder union.
All energy deposited outside of the cone-cylinder union is counted as missed.
2MW beam of 80 GeV protons.
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Figure A.5.: Cumulative fraction of photons versus missed energy fraction for a simple
n’-induced shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited outside of the cone-cylinder union is counted
as missed. The curve depicts the fraction of photons on the y-axis with a
missed energy fraction equal to or lower than the corresponding value on
the x-axis. 2 MW beam of 80 GeV protons.
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Figure A.6.: Misidentified energy versus true neutrino energy for a simple 7 -induced
[EM] shower reconstruction algorithm based on a cone-cylinder union. All
energy deposited inside the cone-cylinder union by descendants of neutrinos
different from the parent of the corresponding 7° photon is counted as
misidentified. 2 MW beam of 80 GeV protons. Entries: Central cell shows
plotted entries, other cells show overflow entries in direction w.r.t. central
cell.
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Misidentified energy versus true neutrino energy for a simple 7°-induced
shower reconstruction algorithm based on a cone-cylinder union. Energy
deposited inside the cone-cylinder union by descendants of neutrinos different
from the parent of the corresponding 7° photon is counted as misidentified.
Any energy deposited by muons is excluded. 2 MW beam of 80 GeV protons.
Entries: Central cell shows plotted entries, other cells show overflow entries
in direction w.r.t. central cell.
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Figure A.8.: Misidentified energy versus true neutrino energy for a simple 7 -induced
shower reconstruction algorithm based on a cone-cylinder union. Energy
deposited inside the cone-cylinder union by descendants of neutrinos different
from the parent of the corresponding 7° photon is counted as misidentified.
Only energy deposited by photons, neutrons, or any of their descendants
is included. 2 MW beam of 80 GeV protons. Entries: Central cell shows
plotted entries, other cells show overflow entries in direction w.r.t. central
cell.
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Figure A.9.: Mean misidentified energy versus true neutrino energy for a simple n’-
induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. Colour indicates different selections of misidentified
energy: total (cyan); excluding depositions from muons (red); deposition
from photons, neutrons, and their descendants only (blue). 2 MW beam of
80 GeV protons.
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Figure A.10.: Misidentified energy fraction versus true neutrino energy for a simple 7’-

induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. 2 MW beam of 80 GeV protons. Entries: Central
cell shows plotted entries, other cells show overflow entries in direction
w.r.t. central cell.
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Figure A.11.: Misidentified energy fraction versus true neutrino energy for a simple 7’-
induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. Energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. Any energy deposited by muons is excluded.
2 MW beam of 80 GeV protons. Entries: Central cell shows plotted entries,
other cells show overflow entries in direction w.r.t. central cell.
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Figure A.12.: Misidentified energy fraction versus true neutrino energy for a simple 7’-
induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. Energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. Only energy deposited by photons, neutrons,
or any of their descendants is included. 2 MW beam of 80 GeV protons.
Entries: Central cell shows plotted entries, other cells show overflow entries
in direction w.r.t. central cell.
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Figure A.13.: Mean misidentified energy fraction versus true neutrino energy for a simple
7°-induced shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. Colour indicates different selections of misid-
entified energy: total (cyan); excluding depositions from muons (red);
deposition from photons, neutrons, and their descendants only (blue).
2 MW beam of 80 GeV protons.
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Figure A.14.: Cumulative fraction of neutrinos versus misidentified energy fraction for a

simple 7’-induced shower reconstruction algorithm based on a cone-
cylinder union. All energy deposited inside the cone-cylinder union by
descendants of neutrinos different from the parent of the corresponding 7°
photon is counted as misidentified. Colour indicates different selections of
misidentified energy: total (cyan); excluding depositions from muons (red);
deposition from photons, neutrons, and their descendants only (blue). The
curve depicts the fraction of neutrinos on the y-axis with a misidentified
energy fraction equal to or lower than the corresponding value on the x-axis.
2 MW beam of 80 GeV protons.
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A. DUNE ND Event Pile-up Study Data

A.2. 2MW Beam at 80 GeV Proton Energy, XZ
Projection
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Figure A.15.: Missed energy versus true photon energy for a simple 7 -induced
shower reconstruction algorithm based on a cone-cylinder union. All energy
deposited outside of the cone-cylinder union is counted as missed. 2 MW
beam of 80 GeV protons. As a primitive simulation of a wire readout,
only X- and Z-coordinates are used for the energy reconstruction. Entries:
Central cell shows plotted entries, other cells show overflow entries in
direction w.r.t. central cell.
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Figure A.16.: Mean missed energy versus true photon energy for a simple 7 -induced
[EM] shower reconstruction algorithm based on a cone-cylinder union. All
energy deposited outside of the cone-cylinder union is counted as missed.
2MW beam of 80 GeV protons. As a primitive simulation of a wire
readout, only X- and Z-coordinates are used for the energy reconstruction.

163



A. DUNE ND Event Pile-up Study Data

2 MW Beam, XZ Projection

Fractional error on reconstructed photon energy

Figure A.17.:

Entries 552898 g
0 0 0 : g
0 | 551400] 1498 : 10 &
: 5
9]
o)
€
>
103 =z
10

10

5
True photon energy [GeV]

Missed energy fraction versus true photon energy for a simple 7’-induced
[EM] shower reconstruction algorithm based on a cone-cylinder union. All
energy deposited outside of the cone-cylinder union is counted as missed.
2MW beam of 80 GeV protons. As a primitive simulation of a wire
readout, only X- and Z-coordinates are used for the energy reconstruction.
Entries: Central cell shows plotted entries, other cells show overflow entries
in direction w.r.t. central cell.
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Figure A.18.: Mean missed energy fraction versus true photon energy for a simple 7’-
induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited outside of the cone-cylinder union is counted
as missed. 2 MW beam of 80 GeV protons. As a primitive simulation of
a wire readout, only X- and Z-coordinates are used for the energy
reconstruction.
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Cumulative fraction of photons versus missed energy fraction for a simple
7°-induced shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited outside of the cone-cylinder union is counted
as missed. The curve depicts the fraction of photons on the y-axis with
a missed energy fraction equal to or lower than the corresponding value
on the x-axis. 2 MW beam of 80 GeV protons. As a primitive simulation
of a 2D] wire readout, only X- and Z-coordinates are used for the energy
reconstruction.
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Figure A.20.: Misidentified energy versus true neutrino energy for a simple 7 -induced

[EM] shower reconstruction algorithm based on a cone-cylinder union. All
energy deposited inside the cone-cylinder union by descendants of neutrinos
different from the parent of the corresponding 7° photon is counted as
misidentified. 2 MW beam of 80 GeV protons. As a primitive simulation
of a wire readout, only X- and Z-coordinates are used for the energy
reconstruction. Entries: Central cell shows plotted entries, other cells show
overflow entries in direction w.r.t. central cell.
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Figure A.21.: Misidentified energy versus true neutrino energy for a simple 7 -induced
[EM] shower reconstruction algorithm based on a cone-cylinder union. En-
ergy deposited inside the cone-cylinder union by descendants of neutrinos
different from the parent of the corresponding 7° photon is counted as
misidentified. Any energy deposited by muons is excluded. 2 MW beam of
80 GeV protons. As a primitive simulation of a wire readout, only X-
and Z-coordinates are used for the energy reconstruction. Entries: Central
cell shows plotted entries, other cells show overflow entries in direction
w.r.t. central cell.
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Figure A.22.: Misidentified energy versus true neutrino energy for a simple 7 -induced

[EM] shower reconstruction algorithm based on a cone-cylinder union. En-
ergy deposited inside the cone-cylinder union by descendants of neutrinos
different from the parent of the corresponding 7° photon is counted as
misidentified. Only energy deposited by photons, neutrons, or any of their
descendants is included. 2 MW beam of 80 GeV protons. As a primitive
simulation of a 2D] wire readout, only X- and Z-coordinates are used for the
energy reconstruction. Entries: Central cell shows plotted entries, other
cells show overflow entries in direction w.r.t. central cell.
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Figure A.23.: Mean misidentified energy versus true neutrino energy for a simple n’-

induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. Colour indicates different selections of misid-
entified energy: total (cyan); excluding depositions from muons (red);
deposition from photons, neutrons, and their descendants only (blue).
2MW beam of 80 GeV protons. As a primitive simulation of a wire
readout, only X- and Z-coordinates are used for the energy reconstruction.
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Figure A.24.: Misidentified energy fraction versus true neutrino energy for a simple 7’-

induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. 2 MW beam of 80 GeV protons. As a primitive
simulation of a 2D] wire readout, only X- and Z-coordinates are used for the
energy reconstruction. Entries: Central cell shows plotted entries, other
cells show overflow entries in direction w.r.t. central cell.
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Figure A.25.: Misidentified energy fraction versus true neutrino energy for a simple 7°-

induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. Energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. Any energy deposited by muons is excluded.
2MW beam of 80 GeV protons. As a primitive simulation of a wire
readout, only X- and Z-coordinates are used for the energy reconstruction.
Entries: Central cell shows plotted entries, other cells show overflow entries
in direction w.r.t. central cell.

172



=

0.8

0.6

0.4

0.2

Fractional error on reconstructed neutrino energy

A. DUNE ND Event Pile-up Study Data

2 MW Beam, XZ Projection

Entries 218467 | ——
0 2735
0 [158412

0

Number of neutrinos

True neutrino energy [GeV]

Figure A.26.: Misidentified energy fraction versus true neutrino energy for a simple 7’-

induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. Energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. Only energy deposited by photons, neutrons, or
any of their descendants is included. 2 MW beam of 80 GeV protons. As
a primitive simulation of a wire readout, only X- and Z-coordinates
are used for the energy reconstruction. Entries: Central cell shows plotted
entries, other cells show overflow entries in direction w.r.t. central cell.
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Figure A.27.: Mean misidentified energy fraction versus true neutrino energy for a simple
7°-induced shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. Colour indicates different selections of misid-
entified energy: total (cyan); excluding depositions from muons (red);
deposition from photons, neutrons, and their descendants only (blue).
2MW beam of 80 GeV protons. As a primitive simulation of a wire
readout, only X- and Z-coordinates are used for the energy reconstruction.
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Figure A.28.: Cumulative fraction of neutrinos versus misidentified energy fraction for a
simple 7°-induced shower reconstruction algorithm based on a cone-
cylinder union. All energy deposited inside the cone-cylinder union by
descendants of neutrinos different from the parent of the corresponding 7°
photon is counted as misidentified. Colour indicates different selections of
misidentified energy: total (cyan); excluding depositions from muons (red);
deposition from photons, neutrons, and their descendants only (blue). The
curve depicts the fraction of neutrinos on the y-axis with a misidentified
energy fraction equal to or lower than the corresponding value on the x-axis.
2MW beam of 80 GeV protons. As a primitive simulation of a wire
readout, only X- and Z-coordinates are used for the energy reconstruction.
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A.3. 10 MW Beam at 80 GeV Proton Energy
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Figure A.29.: Missed energy versus true photon energy for a simple m°’-induced

shower reconstruction algorithm based on a cone-cylinder union. All energy
deposited outside of the cone-cylinder union is counted as missed. 10 MW
beam of 80 GeV protons. Entries: Central cell shows plotted entries, other
cells show overflow entries in direction w.r.t. central cell.
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Figure A.30.: Mean missed energy versus true photon energy for a simple 7 -induced
[EM] shower reconstruction algorithm based on a cone-cylinder union. All

energy deposited outside of the cone-cylinder union is counted as missed.
10 MW beam of 80 GeV protons.
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Figure A.31.: Missed energy fraction versus true photon energy for a simple 7’-induced
[EM] shower reconstruction algorithm based on a cone-cylinder union. All
energy deposited outside of the cone-cylinder union is counted as missed.
10 MW beam of 80 GeV protons. Entries: Central cell shows plotted entries,
other cells show overflow entries in direction w.r.t. central cell.
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Figure A.32.: Mean missed energy fraction versus true photon energy for a simple 7°-
induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited outside of the cone-cylinder union is counted
as missed. 10 MW beam of 80 GeV protons.
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Figure A.33.: Cumulative fraction of photons versus missed energy fraction for a simple
m°-induced shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited outside of the cone-cylinder union is counted
as missed. The curve depicts the fraction of photons on the y-axis with a
missed energy fraction equal to or lower than the corresponding value on
the x-axis. 10 MW beam of 80 GeV protons.
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Figure A.34.: Misidentified energy versus true neutrino energy for a simple 7 -induced
[EM] shower reconstruction algorithm based on a cone-cylinder union. All
energy deposited inside the cone-cylinder union by descendants of neutrinos
different from the parent of the corresponding 7° photon is counted as
misidentified. 10 MW beam of 80 GeV protons. Entries: Central cell shows
plotted entries, other cells show overflow entries in direction w.r.t. central
cell.
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Figure A.35.: Misidentified energy versus true neutrino energy for a simple 7 -induced
shower reconstruction algorithm based on a cone-cylinder union. En-
ergy deposited inside the cone-cylinder union by descendants of neutrinos
different from the parent of the corresponding 7° photon is counted as
misidentified. Any energy deposited by muons is excluded. 10 MW beam
of 80 GeV protons. Entries: Central cell shows plotted entries, other cells
show overflow entries in direction w.r.t. central cell.
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Figure A.36.: Misidentified energy versus true neutrino energy for a simple 7 -induced
[EM] shower reconstruction algorithm based on a cone-cylinder union. En-
ergy deposited inside the cone-cylinder union by descendants of neutrinos
different from the parent of the corresponding 7° photon is counted as
misidentified. Only energy deposited by photons, neutrons, or any of their
descendants is included. 10 MW beam of 80 GeV protons. Entries: Central
cell shows plotted entries, other cells show overflow entries in direction
w.r.t. central cell.
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Figure A.37.: Mean misidentified energy versus true neutrino energy for a simple n’-
induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. Colour indicates different selections of misid-
entified energy: total (cyan); excluding depositions from muons (red);
deposition from photons, neutrons, and their descendants only (blue).
10 MW beam of 80 GeV protons.
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Misidentified energy fraction versus true neutrino energy for a simple 7°-
induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. 10 MW beam of 80 GeV protons. Entries: Central
cell shows plotted entries, other cells show overflow entries in direction
w.r.t. central cell.
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Figure A.39.: Misidentified energy fraction versus true neutrino energy for a simple 7’-

induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. Energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon
is counted as misidentified. Any energy deposited by muons is excluded.
10 MW beam of 80 GeV protons. Entries: Central cell shows plotted entries,
other cells show overflow entries in direction w.r.t. central cell.
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Figure A.40.: Misidentified energy fraction versus true neutrino energy for a simple 7’-
induced [EM] shower reconstruction algorithm based on a cone-cylinder
union. Energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. Only energy deposited by photons, neutrons,
or any of their descendants is included. 10 MW beam of 80 GeV protons.
Entries: Central cell shows plotted entries, other cells show overflow entries
in direction w.r.t. central cell.
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Figure A.41.: Mean misidentified energy fraction versus true neutrino energy for a simple
7°-induced shower reconstruction algorithm based on a cone-cylinder
union. All energy deposited inside the cone-cylinder union by descendants
of neutrinos different from the parent of the corresponding 7° photon is
counted as misidentified. Colour indicates different selections of misid-
entified energy: total (cyan); excluding depositions from muons (red);
deposition from photons, neutrons, and their descendants only (blue).
10 MW beam of 80 GeV protons.
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Figure A.42.: Cumulative fraction of neutrinos versus misidentified energy fraction for a
simple 7’-induced shower reconstruction algorithm based on a cone-
cylinder union. All energy deposited inside the cone-cylinder union by
descendants of neutrinos different from the parent of the corresponding 7°
photon is counted as misidentified. Colour indicates different selections of
misidentified energy: total (cyan); excluding depositions from muons (red);
deposition from photons, neutrons, and their descendants only (blue). The
curve depicts the fraction of neutrinos on the y-axis with a misidentified
energy fraction equal to or lower than the corresponding value on the x-axis.
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