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Abstract

Future neutrino experiments are focusing on precise measurements of the neutrino os-
cillation parameters. The discovery of a CP violation in the context of the neutrino
oscillation would help to explain the matter-antimatter asymmetry in the universe. For
higher sensitivity experiments novel detector technologies are required. The modular
Liquid Argon Time Projection Chamber detector design developed by the ArgonCube
collaboration addresses the challenges of the intense neutrino beams used in future long
baseline experiments. The detector design is driven by the requirements for the Near
Detector of the Deep Underground Neutrino Experiment. New compact light and charge
readout technologies are needed to fit the modular structure. In this thesis, a novel dielec-
tric light detection system, called ArCLight, is developed. Based on an existing concept,
the performance of ArCLight is optimised through applying multiple design changes. In
particular, the existing coating of a wavelength shifting material is replaced by a vac-
uum evaporation coating. The performance of ArCLight is characterised by measuring
the Photon Detection Efficiency (PDE) and the spatial resolution. The new wavelength
shifting coating has led to an increase of the overall PDE by about a factor two. The
PDE of the final version was measured to be (0.2055 + 0.0070) %.
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Chapter 1

Introduction

Driven by experimental and theoretical findings in the 20th century, a theory describing
the fundamental interactions in particle physics was developed. The so-called Standard
Model (SM) unifies three of the four fundamental forces, namely the electromagnetic,
weak and strong force. A vast number of experiments have shown results that are
consistent with the SM predictions. However, i.a. the characterisation of the massive
neutrally-charged neutrino and its interactions with matter do not agree with experimen-
tal measurements. In particular the discovery of neutrino oscillations is beyond the SM
prediction of zero-mass neutrinos. Neutrino oscillations are caused by the non-consistency
of neutrino flavour eigenstates and mass eigenstates and could potentially evoke a Charge
Parity symmetry (CP) violation which could help to explain the matter-antimatter asym-
metry in the universe.

The parameters of neutrino oscillations have been studied in several experiments over the
last 25 years as they can not be deduced theoretically. Due to the low cross-section of
neutrino interactions and the consequently low statistics these measurements are limited
by high uncertainties. In particular, the existence of CP violation due to neutrino mixing
remains unresolved. Also, the determination of the neutrino mass or the ordering of the
mass eigenstates is as yet unknown. Current experiments do not have a high enough
sensitivity to solve the neutrino mass ordering problem.

To resolve these problems, new experiments with higher sensitivities are planned. In the
past neutrinos originating from the sun, the atmosphere or nuclear reactors were studied.
In order to get more statistics artificial neutrino beams with high intensities are needed.
These are achieved by firing high energy proton beams into fixed targets and magnetically
focusing the produced pions. The pions decay to neutrinos forming a relatively intense
beam. Despite the high beam intensity, large mass detectors are demanded to get high
enough interaction rates. One of the most promising detector type enabling high mass but
enabling a relatively compact detector designs is the Liquid Argon (LAr) Time Projection
Chamber (TPC). But existing LAr TPCs are not applicable in challenging environments
with the high-multiplicity environments in intense neutrino beams. Novel LAr TPC
technologies are required to attack those challenges. An approach to implement a large
scale LAr TPC fulfilling these requirements is the ArgonCube concept. The ArgonCube
collaboration is developing a modular detector design involving new charge and light
readout technologies.

The ArgonCube design will be applied in the Near Detector (ND) of the Deep Under-



ground Neutrino Experiment (DUNE). DUNE is a planned long-baseline experiment us-
ing an aforementioned proton-induced neutrino beam. Experiments with a long baseline
between an ND and a Far Detector (FD) can be optimised to achieve a high sensitivity on
certain oscillation parameters. With a baseline length of 1300 km, DUNE aims to improve
the current measurements on the CP violation parameter and solving the mass ordering
problem. To achieve a high sensitivity, LAr TPCs are used for both the ND and the FD
which minimises cross section uncertainties between the two. LAr TPCs commonly used
Photo Multiplier Tubes (PMTs), but these are not applicable in the ArgonCube design
as they would occupy too large a volume. In ArgonCube two complementary dielectric
light detection systems are implemented. These are the Light Collection Module (LCM)
developed by the Joint Institute for Nuclear Research (JINR) which shows a high Photon
Detection Efficiency (PDE) and the Argon Cube Light detector (ArCLight) developed by
the Laboratory for High Energy Physics (LHEP) in Bern. The latter has a more limited
PDE, but therefore is designed to provide a higher spatial resolution and larger dynamic
range.

In this thesis, ArCLight is developed based on an existing prototype design. ArCLight
is a compact dielectric light trap with a large sensitive area read out by Silicon Photo
Multipliers (SiPMs). The goal is to have a design fulfilling the requirements for the DUNE
ND. These requirements are particularly driven by the demands for an efficient tagging
of fast neutrons produced in neutrino interactions. This tagging can only be achieved by
the light detection system as it requires a fast timing which is not provided by the charge
readout. Furthermore, a good spatial resolution and a high enough PDE is needed, in
order to provide T'0 for neutrino events and to tag beam related background.

In Chapter 2 the history and the current status of neutrino oscillation physics is outlined.
Also, an outlook to future experiments, in particular the DUNE experiment, is given. The
working principle and properties of LAr TPCs are elucidated in Chapter 3. In Chapter 4
the detector concept developed by the ArgonCube collaboration is discussed in detail.
Here, also the planing of the prototyping campaign for the DUNE ND is presented,
which this thesis is part of. Also discussed are the requirements on the light and charge
readout as motivated by the DUNE ND physics requirements. In course of this thesis,
I adapted the existing ArCLight design and optimised the production procedure. The
design changes are discussed in detail in Chapter 5. The whole characterisation of the
ArCLight detector is discussed in Chapter 6. I studied the impact of the design changes
on the PDE in a GEANT4 based optical simulation and as-well as in multiple experiment
test runs. This simulation was originally implemented by Francesco Piastra and Patrick
Koller and was optimised and adapted within this work. These tests were part of the
prototyping plan in which also other detector parts and the fully integrated system were
tested. By using the output of the optical simulation, I could establish an algorithm to
reconstruct the coordinates of the light emission point. I then applied, this algorithm to
the experimental data to get a first estimation of the spatial resolution of ArCLight. The
measured PDE of the final ArClight version is used to establish an energy threshold for
the detection of charged particles. Using an existing simulation study, this threshold can
be compared with the energy spectrum of neutron-induced recoil particles for the DUNE
ND. The original plots and simulations used in this section were generated by Patrick
Koller. In the last chapter the insights of this thesis are concluded and an outlook for
the next steps is given.



Chapter 2

History of Neutrino Research

In this chapter, the history of neutrino physics, in particular neutrino oscillation physics,
is outlined. The first section covers the major breakthroughs in experimental neutrino
physics. As this thesis is focusing on the detector design for future neutrino oscillation
experiments, the oscillation theory and its main consequences are summarized in Sec-
tion 2.2. The last part of this chapter discusses future neutrino oscillation experiments.
In particular, the DUNE experiment is introduced.

2.1 History of neutrino experiments

In the early 20th century, the physics world was puzzled by multiple experiments measur-
ing the continual energy spectrum of electrons emitted by S-decays. As the S-decay was
considered to be a two-body decay (electron and daughter nucleus), one would expect
a discrete energy of the emitted electron. This however was proven not to be the case
in 1914 by James Chadwick [1]. To address this, in his famous letter in 1930, Wolfgang
Pauli proposed a neutral charged spin 1/2 particle with a mass “lower than 0.01 proton
masses” [2], which Pauli called “neutron”. Redefining the S-decay to the emission of an
electron and a “neutron” explained the measured continuous spectrum. In 1932 Chadwick
discovered the neutron [3]. However, Francis Perrin deduced that the mass of the particle
emitted in the -decay has to be of mass significantly lower than the electron mass and
thus could not be the particle discovered by Chadwick. Pauli’s particle was renamed the
“neutrino” by Enrico Fermi who came up with a theory explaining the 5-decay [4]. Using
Fermi’s theory, Hans Bethe and Rudolph Peierls showed that the neutrino-nucleus cross
section must be < 10~*e¢m?, and concluded “that there is no practically possible way of
observing the neutrino” [5].

It took 26 years between the proposal and the first detection of the neutrino. In 1956,
Clyde Cowan and Frederick Reines published results from their inverse S-decay experi-
ment where they detected the first electron antineutrinos [6]. In an inverse S-decay an
electron antineutrino interacts via

T.+p—nte' (2.1)

Cowan and Reines placed a water target next to the Savannah River nuclear reactor in
South Carolina (USA) to have a high neutrino flux. The positron emitted in the inverse
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[-decay interacts with shell electrons producing two back-to-back photons. By doping
the water with cadmium, which captures free neutrons, one gets further photon emission.
The neutron-induced scintillation light occurs a few ps later. Thus, measuring two light
pulses shortly after each other is a distinct signal for a 7, with very low background.
However, the experiment of Reines and Cowan was limited to the detection of 7,.

One year later, based on the experiments of Chien-Shiung Wu and Maurice Goldhaber it
could be ascertained that only left-handed neutrinos (and right-handed anti-neutrinos)
can interact via weak coupling [7]. The experiment was also the first to demonstrate
parity-symmetry (P) violation by the weak interaction.

In 1962, a group led by Leon M. Ledermann discovered the v, [8]. This experiment was
the first to use neutrinos produced by an accelerator beam. By shooting protons on a
beryllium target pions are produced, these pions decay as:

™= ut +u,, (2.2)
T =+,

emitting a v, (or a 7,). By applying a magnetic field right after the target u can be
focused and p~ defocused, or vice versa. After blocking the 7= with an iron shield one
gets a pure v, (or 7,) beam. In the Ledermann experiment, a spark chamber was used to
detect charged particles from interacting neutrinos. In a spark chamber charged particles
ionise a gas and this ionisation is made visible by applying a high voltage between several
metal plates placed in the chamber.

In 1967, Andrei Sakharov set out the requirements to explain the matter-antimatter
asymmetry in the universe through baryon-generating interactions [9]. The following
three so-called “Sakharov conditions”

e baryon number violation
o charge-symmetry (C) and charge-parity-symmetry (CP) violation
 interactions out of thermal equilibrium

must be fulfilled for a given interaction in order to produce matter and antimatter at
different rates. The first two conditions ensure that more baryons than anti-baryons are
produced. The third condition is needed since else charge-parity-time (CPT) symmetry
would allow the inverse process annihilating the net baryon - anti-baryon difference.
Processes fulfilling these conditions could be observed i.a. in the quark sector but the
CP violation has been too low to explain the observed matter-antimatter asymmetry [10].
Thus, further CP violating processes have to be discovered to explain the full asymmetry.
In 1968, Raymond Davis, Don S. Harmer and Kenneth C. Hoffman measured solar neutri-
nos for the first time in the Homestake Mine, South Dakota (USA) [11]. Solar neutrinos
are produced by fusion reactions taking place in the sun. However, the measured neutrino
flux was only two-thirds of the expected flux calculated by solar models [12]. This discrep-
ancy became known as the solar neutrino problem [13, 14]. The Homestake experiment
was based on the interaction of v, with *"Cl dissolved in water via

v, 4+ 77Cl — e +*TAr. (2.4)
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The number of neutrino interactions in this experiment could only be determined offline
by measuring the activity of the radioactive ** Ar content. The experiment was located
~ 1500 m below to prevent cosmic radiation background.

The solar neutrino problem can be explained by neutrino oscillations. The theory was
purposed by Bruno Pontecorvo in 1968 [15]. It purposes that neutrinos can transform
into a different neutrino species during the evolution in time and space.

In 1975 the 7 lepton was discovered by Martin L. Perl [16] which directly implied the
proposal of a third neutrino flavour v, [17].

A similar result as the solar neutrino problem was found for atmospheric neutrinos by the
Kamiokande-II experiment in 1988 [18] and later in 1991 in the Irvine-Michigan-Brookhaven
(IMB) experiment [19]. Both experiments were mainly sensitive for atmospheric neutri-
nos but also solar neutrinos could be measured. Atmospheric neutrinos are produced
via decaying pions occurring in the Earth’s atmosphere. The pions are produced by
cosmic protons interacting with nuclei in the atmosphere. The Kamiokande experi-
ments (Kamiokande I and II, Super-Kamiokande) is a series of experiments with wa-
ter Cherenkov detectors located in the Mozumi Mine in Japan. IMB was also a water
Cherenkov detector which was located in a mine in Fairport Harbor, Ohio (USA). A par-
ticles passing through the ultra-pure water of the detectors, has a speed that exceeds the
speed of light in water, this produces an observable cone-shaped light emission along the
particles trajectory; the so-called Cherenkov light [20]. This characteristically blue light
is detected by Photo Multiplier Tubes (PMTs). By reconstructing the opening angle of
the Cherenkov cone, the momentum and direction of the particle can be deduced. This
detector type is sensitive for both 1, and v, as-well as 7;, and 7,, via the Charged Current
(CC) interactions, i.a. the Quasi-Elastic (QE) interaction

vy+n—{ +p, (2.5)
7+p— 0+,

and the electron scattering
v,+e —u.te . (2.7)

Due to the low energy of solar and atmospheric neutrinos v, and 7, interactions are
not observable via CC interactions as the energy required to produce a 77 is too high.
The electron scattering via CC is only viable for 1,. Both IMB and the Kamiokande
experiments were not sensitive to Neutral Current (NC) interactions and thus could not
measure the total neutrino flux.

In 1990, at the Large Electron-Positron Collider (LEP) in Geneva (Switzerland) pre-
cise measurements of the Z° boson were conducted. With the cross section obtained in
these measurements, the number of light neutrino coupling by weak interaction could be
deduced to be three [21]. This consolidated the proposal of the v, and ruled out the
existence of further weak-interacting light neutrinos.

In the latest operating version of the Kamiokande experiments, the 50 kt Super-Kamiokande,
the atmospheric neutrino problem was further studied. In 1998, it was measured that the
v, flux is = 50 % lower for upwards directed atmospheric neutrinos which pass through
the earth before hitting the detector than neutrinos originated in the atmosphere directly
above the detector [22]. However, since the total neutrino flux could not be measured it
was unclear if the missing neutrinos were actually disappearing.



The previously proposed v, was first detected in 2001 at the Direct Observation of the
Nu Tau (DONUT) experiment at Fermilab [23]. A 800 GeV proton beam was used to
produce the charmed meson Dy, similar to the Ledermann experiment, which decays to
a 7. and a 7. In an emulsion detector, the 7 could be detected that was produced by a
charged current v, interaction.

The existence of neutrino oscillation was experimentally confirmed in 2002 by the Sud-
bury Neutrino Observatory (SNO) experiment in Ontario (Canada) [24]. The 1kt water
Cherenkov detector was filled with heavy water (D,O), which enabled the detection NC
interactions in addition to CC interactions.

vy+d—1y+n+p, (2.8)
p+d—v,+n+p, (2.9)

where ¢ =e i, 7. A method to detect the emitted neutrons in this interaction channel
allowed to determine the total neutrino flux. The total lux was measured to be consistent
with the model expectations as expected by the neutrino oscillation theory. The discovery
of neutrino oscillation directly implied a non-zero neutrino mass (see justification in the
next section).

Since its discovery, the properties of neutrino oscillations have been studied by various
experiments. In particular, the Daya Bay Reactor Neutrino Experiment in 2012 [25]
and Tokai To Kamioka (T2K) in 2013 [26]. The Daya Bay experiment studies neutrinos
originated from several reactors located around the grid of eight liquid scintillator detec-
tors located at Daya Bay (China). The T2K experiment is a long baseline experiment
which sends a neutrino beam over from the J-PARC facility in Tokai (Japan) to the
Super-Kamiokande detector which is 295 km from Tokai. In a close distance to the beam
origin, a second detector complex is placed to the initial neutrino flux. Both Day Bay
and T2K reported the mixing angle 65 to be well above zero. A non-zero 6,5 allows for
CP violation in neutrino oscillation, as will be shown in the next section. The combined
findings on the full set of oscillation parameters are elucidated in the next section.

2.2 Neutrino oscillation

In this section, the theory and the current state of research in neutrino oscillation physics
is summarised following Bettini [27] if not otherwise specified. The theory of neutrino
oscillation is based on the non-equality of neutrino flavour eigenstates (1,v,,7;) and neu-
trino mass eigenstates (v,,13). Note, there is no argument restricting the number of
mass eigenstates to three. However, any further state would not be active in weak inter-
actions and therefore is not further discussed in the following. The two sets of eigenstates
are connected via a unitary mixing matrix, called the Pontecorvo-Maki-Nakagawa-Sakata

(PMNS) matrix [28], as

Ve n
Vy | =Upuns | V2 |- (2.10)
vV, V3

The PMNS matrix is historically split up into rotations around the three angles 053,65 and
015. Further one can introduce a CP-violating phase dcp without breaking the unitarity
of the matrix. A non-zero (and non-7) value for d,, (and 3 # 0) implies a CP violation
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due to the neutrino oscillation mechanism. Motivated by the suppression of the neutrino
mass, if one allows the neutrino to be a Majorana fermion (v =v) two additional phases
®, and P, have to be added. Splitting the PMNS matrix up to the different rotation
matrices (plus one for the Majorana phases) one gets

1 0 0 C13 0 813677;5 C12 S19 0 1 0 0
UPMNS = 0 Co3 S923 0 A 1 0 —S819 C12 0 0 61q>1 0 s (211)
0 —S93 Co3 —813€_Z6 0 013 O O 1 0 0 624)2

where ¢;; = cosf);; and s;; = sin6,;. This splitting has a historical background as the
single matrices represent the mixing observable in either solar, reactor and atmospheric
neutrino experiments, respectively. For the discussion of oscillation probabilities the
Majorana phases cancel and can therefore have no effect.

Considering the momentum of neutrinos originating from the same source to be p, one
can use the ultra-relativistic approximation of the energy of a neutrino in mass eigenstate

7 as
2 2

my; my;
Ei:\/pQ—i—m?%p—l—%%p—l—ﬁ, (2.12)

where E is the average energy of the different states. The evolution of a single state in
time can be described by the plane wave approximation as

(1)) = 5

v,(0)) . (2.13)

As the different mass eigenstates have different F;, their evolution in time differs, which
leads to differences in the observable flavour state compared to ¢ = 0.

When propagating in a vacuum, the probability that a neutrino of flavour state a is
transferred to state § after a time ¢ is

P(va =+ v5) = (vslva(®))]
= [ X UpiUie™ " (usfws)
4

2

(2.14)

* 7% ) I
+ QZ;Im {UaiUﬁan]‘Uﬁj} sin (Am?jZE) ’

where L ~ ct is the distance travelled by the neutrino and Am;; is the absolute mass
difference between the mass states ¢ and j [29]. Neutrino oscillation can only occur
when Am,;; # 0. Therefore, measuring neutrino oscillations intrinsically proved that
neutrinos have non-zero mass. By tuning the % ratio for a experiment, the appearance
or disappearance effect of single neutrino flavours can be optimised to measure in a range
with a high sensitivity for the single parameters.

Eq. 2.14 is only valid for oscillations in vacuum; for neutrinos travelling through matter
interactions with shell electrons have to be considered. This so-called Mikheyev-Smirnov-
Wolfenstein (MSW) effect mainly affects v, and 7, and thus differs for the various mass
eigenstates [30]. The MSW effect enables to study the masses of the different eigenstates
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Table 2.1 — Global fit on the three-flavour neutrino oscillation parameter (NuFit 5.0). All
data obtained from various experiments until July 2020 except the latest Super-Kamiokande

atmospheric data. [31]

Parameter | Normal ordering (+10) | Inverted ordering (£10)
012 [°] 33.447578 33.447078
013 [] 8.577012 8.617013
03 [°] 49.0711 49.3719
ocp [°] 195752 286131
Am3; [eV?] 7.4270350-107° 7.427030 - 107°
Am3, [eV?] 2.51470:05% - 1077 2.5141003% - 1077

in long baseline experiments with suitable parameters. However, up until today, no
experiment had a high enough sensitivity to determine the ordering of the masses. There
are two potential scenarios, the normal (m; < my < mj3) and the inverted (mz; < m; <
msy) ordering,.

The results of the latest global fit (NuFit 5.0) are shown in Tab. 2.1. So far normal
ordering is favoured at the 1.60 level but not confirmed [31]. For normal mass ordering,
dcp = m is within a 0.60 interval of the fit, which would imply that there is no CP
violation due to neutrino oscillation. For the inverted mass ordering a non-CP violating
phase can be excluded at a 3o level.

2.3 Next generation experiments

As shown in the previous section, the uncertainties on some of the neutrino oscillation
parameters are still huge. In particular, the main questions if there is a CP violation
in neutrino oscillations and the mass ordering are so far unsolved. The Next generation
experiments with increased sensitivity are vital to answer those questions. To optimise
and control the parameters especially L and E to a high degree of accuracy, long base-
line experiments with accelerator neutrino beams are the optimal choice. They can be
optimised for measuring exactly these parameters. To fit the requirements for higher
sensitivity two large scale experiments with two different approaches are planed.

One these experiments is Hyper-Kamiokande [32]. It is another part of the existing
Kamiokande experiment series in Japan. The Hyper-Kamiokande has the nearly identical
detector design as the Super-Kamiokande but 20 times larger mass. The corresponding
Tokai-to-Hyper-Kamiokande (T2HK) is an upgrade of the existing long baseline experi-
ment T2K. T2HK|, like its predecessor T2K, uses an accelerator neutrino beam originated
at the J-PARC facility in Tokai. An ND located close to the beam origin will analyse the
beam that is then sent to the Hyper-Kamiokande detector.

The other experiment is DUNE [34-36]. The DUNE collaboration plans to use the
existing accelerator facilities at the Fermi National Accelerator Laboratory (Fermilab)
to produce v, /7, beam with a maximum power of 1.2 MW (2.4 MW for phase II). The

8
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Figure 2.1 — Expected beam profile for the DUNE experiment as stated in the CDR (red)
and a further optimised version (black). The maximum flux is expected at a neutrino energy
of = 3GeV. [33]

experimental parameters, in particular %, are optimised to have a high sensitivity to dcp.
The expected beam profile is depicted in Fig. 2.1. Further, it is optimised to investigate
the neutrino mass ordering via the MSW effect. In Fig. 2.2 the expected sensitivity for
both CP violation and mass ordering are depicted. After a seven years exposure, only a
strong CP violation (dcp ~ £7) could be confirmed at the 50 level but for a relatively
broad range. The mass ordering is expected to be deduced at the 5o level for any dq-p
value after seven years of exposure.

The DUNE FD will be placed in the Sanford Underground Research Facility (SURF),
South Dakota (USA) at a 1300 km distance to the beam origin. It consists of four Liquid
Argon Time Projection Chambers (LArTPC) detectors and has a total active mass of
40 kt, the event rate in the FD will be 3.4 beam neutrinos per hour. The interaction rate
measured at the far detector is

dN (va)
dt

= ®ppopperpP(v, — Vo), (2.15)
FD

where @ is the v, flux, opp the neutrino cross section in the FD and epp the efficiency
of the FD.
A ND placed close to the beam origin measures the interaction rate

AN (vg)
dt

= ®PNpONDEND- (2.16)
ND

By choosing the same detector type for the ND and FD the cross section is the same for
both. Thus by taking the ratio of the two interaction rates the systematic uncertainty in
the measurement of the oscillation probability can be significantly decreased.
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Figure 2.2 — Expected sensitivity of the DUNE experiment on (a) CP violation (dop #
0,7) (b) mass ordering as a function of true dop assuming normal mass ordering. The
equivalent plots assuming inverted mass ordering show similar results and are therefore not
depicted. [37]

The ND will be placed 574m from the beam target in a cavern ~ 60 m underground.
It will be built up of three sub-detectors: a LArTPC detector (ND-LAr), a muon spec-
trometer and a beam monitor. ND-LAr will have a mass of 147t and see 29.4 beam
neutrinos every 10ps beam spill. ND-LAr and the spectrometer are placed on a mov-
able support structure enabling off-axis measurements with a narrower neutrino energy
spectrum, while the beam monitor stays on axis.

LArTPCs are the subject of this work; their development for their application to the
DUNE ND will be discussed in the coming chapters.
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Chapter 3

Liquid Argon Time Projection
Chambers

LAr TPCs are being employed to meet the requirements of future neutrino experiments
as they provide a high density target that combines precise tracking and calorimetry.
In this chapter, the working principle of a LAr TPCs is described. Furthermore, the
requirements on charge and light readout in LAr TPCs are elucidated.

3.1 Detection principle

Anode- and charge
readout plane

@ |onized atom
@ lonization electron

Charged particle

Figure 3.1 — Scheme of the LAr TPC detection principle. A charge particle crossing
the detector (green) leaves a track of ionised atoms (red) and free electrons (blue). The
electrons drift towards the anode- and charge readout plane and get detected. Here, a
pixelated charge readout is illustrated. [38]

A Time Projection Chamber is a 3D tracking detector based on a noble gas or liquid
as the sensitive medium developed by David Nygren in 1974 [39]. A TPC consists of
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a cathode plane that is held on a negative electrical potential and a charge readout
plane at zero potential. The TPC structure is submerged in the sensitive medium. A
schematic depicted in Fig. 3.1 illustrates the detection principle. When a charged particle
crosses the active volume it leaves a track of ionised atoms and ionisation electrons. By
applying an electric field between cathode and anode, the ionised atoms and ionisation
electrons drift in opposite directions. In order to prevent the ion-electron pair from
recombining instantly, a field strength of 0(500\/0111_1) is needed. If the lifetime of a
free electron in the sensitive medium is long enough, the electrons can drift all the way
to the charge readout plane. Therefore, only noble gases or liquids can be applied as
the sensitive medium since only those can provide a long electron lifetime due to their
low electronegativity. The timing information of the charge arriving at the readout plane
enables a projection into three dimensional information of the collected charge. However,
by measuring only the collected charge, the absolute position in the drift direction of
the charged particle interaction is unknown. This issue can be solved by also measuring
prompt scintillation light that occurring within O(ns) after the interaction. The obtained
timestamp, Ty, of the scintillation light can be used to set the coordinate position of the
interaction within the TPC volume.

3.2 Liquid argon as detection medium

In 1974 Willisam J. Willis and Veljko Radeka started using LAr in ionisation chambers.
Three years later Carlo Rubbia applied Willis and Radekas technique to the original
TPC design of Nygren, proposing the LAr TPC as a neutrino detector [40]. LAr has
excellent properties for the application in TPCs, a passing particle leaves a large amount
of ionisation charge and scintillation light at the same time. A list of the main properties
relevant for the application in a TPC are given in Tab. 3.1. LAr has a high density of
1399 kg m ™ which helps to overcome aforementioned low neutrino cross section. The
presence of argon in earth’s atmosphere (0.93 % [41]) and the fact that it is widely used
in industry makes it cheaply available in large amounts and thus applicable for large
scale detectors (compared to xenon). LAr has a temperature of ~ 87K (at atmospheric
pressure) which requires a cryogenic detector setup with proper isolation and cooling.
In order to enable an accurate charge readout, the ionisation and charge transport prop-
erties are crucial.

The energy loss of an incoming particle due to ionisation is described by the Bethe-Bloch

formula as Yoo o
dFE Z 1|1 2myc By W 9 0
—(—)Y=Kz = |-Ln| — 51 | —p*— = 1
<dw> ZA52[2H< G ) 7o) 3
where K = 0.307MeVmol ' em?, Z and A the atomic number and atomic mass of

the atoms in the medium respectively, 5 and v the relativistic factors of the incoming
particle,m, the electron mass, I, the mean excitation potential, § a density correction
(because of polarisation in medium) and W; the energy needed per electron-ion pairs.
From the formula, it follows that a minimum in the energy loss due to ionisation exists.
For LAr this minumum is 2.1 MeVcem ™', a particle having this characteristic energy
loss is called a Minimum lonising Particle (MIP). In LAr crossing cosmic muons can be
approximated as MIPs with a high accuracy. The number of produced electron-ion pairs
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Symbol  Property Value

PBP Density (@ boiling point) 1399 x 10° kg [42]

Tg Boiling point (@ 1 bar) 87.30K [42]

Xo Radiation length 14.0 cm [43]

dE/dx  lonisation energy loss per distance 2.1 MeVem ™' [43]

W, Required energy per electron-ion pair 23.6eV [44, 45]

o Electron mobility (@ E=500V cm ™) 329.66 cm®/Vs [46-49]
v Electron drift velocity (@ E=500V cm ™) 0.165cm s~ [46-49]
A Scintillation emission wavelength 128 nm [50]

Wohmaz Required energy per photon for a MIP (QE=0) 24.4¢eV [51]

Ly Rayleigh scattering length 55cm to 95 cm! [52-55]
Dy Longitudinal diffusion coefficient 6.82cm®/s [56, 57]
Dy Transverse diffusion coefficient 13.16 cm®/s [56, 58]

Table 3.1 — List of liquid argon properties. "The measured Rayleigh scattering length
varies greatly between the values obtained in ProtoDUNE and measurements done in dark
matter experiments. Thus not a single value can be stated here.

is limited by W;. Since the charge readout only records the number of produced electrons,

W; is a limiting factor for the energy resolution of the detector.

Due to recombination of produced electron-ion pairs, the full produced charge does not

arrives at the readout plane. The amount of charge that can be collected is described by

the box model as

Ln(1+¢)
3

where () is the initially produced charge by ionisation and £ is a field-dependent parame-
ter proportional to £~ [59]. Thus, with a higher drift field more charge can be collected.
Furthermore, the fraction of charge that arrives at the readout plane gets reduced by
impurities as free electrons can get attached to impurities. Impurities with high elec-
tronegativity can reduce the mean electron lifetime in LAr drastically, in the worst case
no tracks are observable. The velocity of a electron in an electric field is v = E - 1, where
1 is the electron mobility. For F = 500V em ™" and a maximum drift length of 50 cm, the
maximum drift time of an electron is 303 ps. Within this time the electrons also move in
transverse direction to the drift direction due to diffusion. Also in drift direction diffusion
causes a smearing in the electron velocity and thus a coordinate smearing. Depending
upon its magnitude, diffusion can limit or enhance the spatial resolution of the charge
readout. The smearing due to diffusion for a drift time ¢ is

orr =1/2Dp,1t, (3.3)

where Dy, 7 is the the longitudinal or transversal diffusion coefficient, respectively [60].
Thus, at the same field strength shorter drift lengths reduce the effect of diffusion.

The scintillation process in liquid argon emits light at a single peak around 128 nm. The
photon emission is induced by the decay of the singlet or triplet state of an excited dimer.
Thus, also two decay time constants are observable, a fast time component in O(5 ns)
and a slow component in O(1.5pus) [61]. These excited dimer states can be induced by

Q=0Q- : (3.2)
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directly excited atoms A*
A"+ A+ A— A5+ A,

3.4
A5 — 2A + hy, (3.4)

or by recombination of ionised atoms A"

AT+ A AF,
AT +e — A™ 4+ A,
A™ — A* + heat, (3.5)
A"+ A+ A— A5+ A,
A5 — 2A + hy,

where hv represents a emitted VUV photon and heat denotes the de-excitation by heat
emission [51]. Singlet and triplet states can be be formed through both of the pro-
cesses [62]. Due to the low binding energy of A, of 12.3meV a not negligible fraction of
the Argon atoms is permanently in a dimer state, which could lead to a reabsorbtion of
the scintillation light [63]. However, the binding energy of the Aj state is significantly
stronger than of the one of A,. This leads to a massive Stokes’ shift and thus reabsorbtion
hardly ever occurs.

LXe

S(E)/Sn

Q(&E)/Qn

E[k\f'rf(‘m]

Figure 3.2 — Ionisation (non-filled symbols) and scintillation yield (filled symbols) in LAr
and liquid xenon (LXe). S(FE)/Sy is the relative light yield to zero-field conditions and
Q(F)/QO is the relative ionisation yield compared to infinite-field conditions.[51]

As the scintillation process can be induced by recombination (Eq. 3.5), any process re-
ducing the recombination rate reduces the light yield. Thus, applying an electric field
reduces the number of photons that can be collected at the light detectors [51]. At the
same time the amount of collected charge increases. This anti-correlation is shown in
Fig. 3.2
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3.3 Requirements on charge and light detectors

The working principle of TPCs and the properties of LAr as a sensitive medium put
certain requirements on the charge and light readout. These requirements, however,
are also mainly driven by the sensitivity or resolution that has the be reached in a
certain experiment. For DUNE, these requirements and how to fulfil them are extensively
discussed in the next chapter. Here, the general requirements driven by the working
principle of LAr TPCs and commonly used readout techniques are discussed.

The charge readout of a LAr TPC needs to be able to measure low amounts of charge
with a good spatial resolution. Considering a MIP passing the detector, following Eq. 3.2,
the amount of collectable charge per track length can be calculated as

dQ _ dE/dzygp Ln(1 +§)

o W : e (3.6)
2.1MeVem™ Ln(1 + 1.6)

YT 2366V 16 (8.7)

~ 5310 e mm " (3.8)

~ 0.85fCmm ™,

where ¢ = 1.6 was approximated for a £ = 500V em ™' drift field. Especially for large
detectors, this brings major challenges as one needs a large number of channels with a
relatively high charge sensitivity. Traditionally, this challenge is solved by a wire-based
readout. Two (or three) layers of wire meshes with certain wire pitch are stacked on each
other with different orientations. Thus by matching recorded charge events between the
multiple layers the true position can be deduced. This essentially uses multiple 2D projec-
tions to reconstruct a 3D particle interaction, and has been used sucessfully in a number
of experiments. However, in high-energy and high-multiplicity environments where the
interactions are more complex and there are more of them, the intrinsic ambiguities of
the wire-based readout limit the event reconstruction.

The light readout in the first instance needs to be able to record, also for small tracks,
a T0 signal. With ~ 4 x 10* photons emitted per cm the PDE can be relatively low
(O(0.1%)) to achieve this. However, the detection of VUV photons at 128 nm is not
trivial and requires the application of multiple Wavelength Shifters (WLS). Commonly for
this purpose PMTs are used, as they have the sensitivity to measure single photoelectrons
(p.e.). PMTs coated with a WLS, that shifts VUV photons to the visible spectrum (e.g.
TPB), can have a relatively high PDE (~ 6.5% [64]). The main drawbacks of PMTs
in LAr TPCs are the high voltage they have to be operated at (~ 1kV) and the large
volume they occupy.

The cryogenic operation temperature of LAr TPCs puts further requirements on the
charge and light readout, as well as on the whole detector structure. Every component
needs to be able mechanically stable at cryogenic temperature. TPCs must be designed
in to accommodate multiple materials with different thermal expansion characteristics
that could otherwise lead to damages of the detector structure on cool down or warm

up.
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Chapter 4

ArgonCube Concept

Driven by the requirements of the next-generation neutrino experiments a novel LArTPC
concept was developed by the ArgonCube collaboration. Common technologies used in
LAr TPCs (see Chap. 3) do not fulfil the demands of future experiments and had to be
replaced. The design of the detector has developed following the requirements for the
DUNE ND. At the beginning of this chapter, the basic principles of the detector concept
are elucidated. The needed modular design brings major challenges and requirements
for the charge and light readout. Following the basic concept, it is described how these
challenges were met. The tests and measurements of ArCLight conducted in this thesis
were part of the prototyping phase for the DUNE ND. To put these tests in the context
of the entire prototyping campaign an overview is given at the end of this chapter.

4.1 Basic concept

As described in Sec. 2.3, the next generation neutrino detectors have to be able to deal
with much higher neutrino interaction rates in order to make more precise physics mea-
surements. This brings major challenges for the ND design, since it has to mitigate pileup
of neutrino events as well as beam-related background events such as rock muons. For the
DUNE ND in particular, this requires completely new design approaches to LAr TPCs.
As it is unrealistic to build a LAr TPC large enough to contain all the out-going muons
(< E >~ 3GeV) for the entire DUNE beam, a downstream spectrometer is used and
the LAr TPC dimensions are set to contain only hadronic showers and side-going muons.
The LAr TPC detector for the DUNE ND complex (ND-LAr) will have a total active
volume of 5m x 7m x 3m which corresponds to a total active mass of ~147t. With the
beam power of 1.2 MW in the initial phase of DUNE, an average of 0.16 neutrino events
per tonne of argon per 10 s beam spill are expected in the LAr-ND [33, 65].

The ProtoDune-Single Phase (SP), a LAr TPC of similar dimension as the LAr-ND at
7.2m x 6.1m x 7.0m, has recently demonstrated electron lifetimes of >30 ms are achiev-
able [66]. In a monolithic LAr TPC, it has also been shown that with access to 3D
information about charge deposits will mitigate pileup to less than 0.1% for more than
50% of events, with the remaining pileup from interactions of neutral particles [67]. How-
ever, it is important to obtain a pileup-free sample of neutrino interaction, which requires
the ability to tag events containing these neutral particles, predominantly fast neutrons.
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Figure 4.1 — LAr-TPC detector design for the DUNE ND (left) and cutaway drawing of a
single module (right). The LAr ND consists of seven rows with five modules each. A single
ND module has an active size of 1m x 1m x 3m and therefore the full detector has a total
active volume of 5m X 7m x 3m and an active mass of 147+t.

The ArgonCube approach is a fully modular detector design, with a number of TPCs
sharing a common cryostat, utilizing a pixelated charge readout. The pixelated charge
readout provides unambiguous 3D images of particle interactions [68-70]. The modular
design lowers the requirements on the High Voltage (HV) system, as by splitting up the
full volume in several TPCs the cathode voltage can be much lower to achieve the same
field strength, this also serves to reduces the stored energy per TPC and prevent damage
in the case of a HV discharge. Further, due to the shorter drift lengths, the demanded
electron lifetime is lower which reduces the requirements on the argon purity making
the detector robust against contamination. Most importantly, the module structure is
opaque meaning that scintillation light is contained within each TPC.

It is of eminent importance to be able to tag detached charge deposits caused by recoils
from fast neutrons. Fast neutrons can originate from beam neutrino interactions within
the active volume or the structure around it, they can travel multiple meters before
causing a proton or nuclear recoil. If one of these recoils overlaps spatially with another
neutrino interaction, it is not possible to distinguish them with the charge readout. The
window is of O(100ps) and the beam spill is only 10 ps long, so all beam-related charge
deposits appear as though instantaneous. For a neutrino interaction, hadronic deposits,
including fast-neutron recoils, happen within a few ns of the initial interaction. Within
the beam spill, neutrino interactions are separated by O(100ns). Therefore, the only
possibility to tag fast neutrons is to use O(1 ns) timing information, and match the recoil
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to correct neutrino interaction or identify it as a beam-related external background.
The contained scintillation light of modular design allows access to the prompt component
of the scintillation light. The module dimensions are set to mitigate the effect of Rayleigh
scattering, which smears out photon arrival times by O(10ns) for propagation distances
of O(1m) [52]. Since the uncertainty on the measured Rayleigh scattering length is large
(see Tab. 3.1), the most conservative value has to be considered which is ~ 55 cm. Fast
timing not only enables temporal separation of events, but also spatial reconstruction
with light, which will be discussed in Chapter 6.

An ArgonCube ND module has a 1m x 1m footprint split into two TPCs with a central
cathode. This gives a drift lengths of 50 cm (see Fig.4.1), which requires only a 25kV bias
to achieve a 500V em ™" electric field. With a dielectric light readout mounted either side
of the 1m wide TPC, the maximum optical path is only 50 cm. Reducing the module
footprint below this would not yield significant physics improvements, and would only
increase the number of readout channels and inactive material.

The modular design and the demand to have high precision in the neutrino energy re-
construction required the development of novel readout techniques for charge and light.
These are discussed in the following.

4.2 Electric Field Shaping

The uniformity of the electric field in a TPC has a major impact on the resolution of
the charge reconstruction. For the modular design, a new compact approach to field
shaping was needed to maximise active volume. In coarse of the ArgonCube R&D phase,
a novel field-shaping technology, using a resistive shell, was developed [38]. A carbon-
loaded polyimide foil replaces the conventionally used field-shaping cage structures. This
technology enables a high uniformity of the electric field. The used DRS foil' can directly
be laminated on the G10 structure of the module minimising the amount of dead material.
Further, the risk of an electric breakdown is minimised by the reducing the number of
components (compared to conventional field shaping) and thus the potential points of
failure. The rate of discharge is also reduced by the use of resistive material.

4.3 Charge readout

As mentioned, the commonly used wire readouts in LAr TPCs have the big drawback of
ambiguities in the 3D reconstruction. This issue is solved in the ArgonCube design with
a fully pixelated charge readout. The pixelated charge readout is formed of a Printed
Circuit Board (PCB) and thus is mechanically robust to temperature deformation as oc-
curring in the detector cool down and warm up. This is not the case for a traditional wire
readout as slight differences in the wire tension can lead to sagging of wires, which can
lead to wires touching. A fully pixelated charge readout requires amplification and digi-
tisation of the charge signal in the cold. This is achieved by the LArPix technology [69].
LArPix is based on a system-on-a-chip Application Specific Integrated Circuit (ASIC),
providing a charge-sensitive amplification and a self-triggering digitisation system. The

'"DuPont™, DRS polyimide film, www.dupont.com
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current design has a pixel pitch of 4 mm in both directions. Even for EM-showering events
with a large amount of induced charge over a large area, the majority of channels have no
signal. Even in the intense DUNE ND environment, the expect a pixel occupancy at less
than the percent level [33]. The self triggering effectively functions as zero-suppression
on the ASIC level, keeping the data stream relatively low. A digital data acquisition rate
of ©(0.5) MBs™'m™? is expected when exposed to the flux of surface cosmic rays with
a metre-scale drift length. Up to 256 ASICs can be run with a single external connection
by connecting them in an optimized I/O network (Hydra I/0O).

4.4 Light readout

The ArgonCube light readout has to overcome major challenges. The modular detector
design requires a highly compact and dielectric light detector system that can be operated
within the TPC. This makes commonly used PMTs inapplicable, as they have of relatively
large volume. Further, any part placed in the drift field has to be made out of dielectric
material to avoid field distortions.

As mentioned above, the light system is vital for tagging fast-neutron-induced interac-
tions. In an event pile-up environment, this requires a fast timing (O(1ns)) and a certain
degree of spatial resolution to match detached nuclear recoils with the corresponding
event (O(10cm)) [71].

To meet these requirements two separate large area light detection systems were devel-
oped. The Light Collection Module (LCM) panel developed by JINR uses a bundle of
WLS fibres [72]. These fibres are placed on a PVC plate and are connected on each end
to a SiPM. The WLS fibres are coated with 1,1,4,4-tetraphenyl-1,3-butadiene (TPB) that
serves as a VUV WLS. This design shows a relatively high PDE of ~1 %. But since all
fibres are connected to the same two SiPMs, the spatial resolution is limited to the size
of a single panel (10 cm x 30 cm).

The requirement of a high enough spatial resolution is realised by the ArCLight detector
developed by the University of Bern. Its design is based on dielectric WLS plate used
as a light trap that is coupled to SiPMs. The design is discussed in detail in Sec. 5.1.
Furthermore, it is extensively tested to confirm the aforementioned requirements are
fulfilled.

4.5 Prototyping plan for DUNE near detector

This thesis is part of the several-years’ prototyping campaign for the implementation of
ArgonCube in the DUNE ND. In the following, an overview of this prototyping campaign
is given. It can be split up into two main phases.

In the first phase, the single components are produced and tested. These tests could
be performed in small-scale setups and took place in the different institutes as part of
the ArgonCube R&D program. Especially, the novel techniques developed for this detec-
tor design, e.g. LArPix, the resistive shell, ArCLight and LCM, underwent a intensive
component-level prototyping [38, 69, 72, 73|. This phase was successfully completed by
summer 2020.

19



The second phase is the integration-level prototyping. It demands more complex infras-
tructure and is therefore condensed on three main test setups.

The first setup, called SingleCube, represents a single “cell” of the final detector design.
This smallest unit consists of one LArPix pixel board (32cm x 32cm) and one light
readout unit. A light readout unit consists either of 3 LCM panels or one ArCLight
panel. Here, the resistive shell is not implemented yet, instead a field cage formed traces
on a PCB is used (for details see Sec. 6.2). With this setup, the basic level combination
of charge and light readout can be tested. The first SingleCube test was performed in
October 2020 at the University of Bern.

In a second setup a full prototype module, called Module 0 (Mod 0), is implemented.
This prototype module is a downscaled version of the module as it will be implemented
for the final DUNE ND design. The drift length is reduced to 60 % of the final 50 cm, and
the height to 40 % of the final 3m. Here, for the first time, the light and charge readouts
are implemented within the resistive shell TPC. Further, this represents also the first
test of the large scale resistive shell technology. As the charge readout components were
delayed, for a preliminary test the Mod 0 is only equipped with a single readout cell as in
SingleCube plus one additional light readout (see Sec. 6.2). This test allowed to confirm
the functionality and stability of the HV system and the resistive shell. It was completed
in December 2020. Later, a fully equipped module will be tested. This enables the test
of the interoperability of 16 pixel boards and 16 light units. The Mod 0 tests are planned
to be finished by April 2021 and will be carried out at the University of Bern.

These first two setups are limited to cosmic radiation data. They will not be placed in

Figure 4.2 — Drawing of the ArgonCube 2x2 demonstrator. The demonstrator consists of
4 modules with a size of 67cm x 67 cm x 181 cm each.
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any test beam.

The final setup is a 2x2 module demonstrator [74]. It represents the first test of the
integration of multiple modules. The four modules are of the same size as Mod 0. A
CAD drawing of the demonstrator is seen in Fig. 4.2. The demonstrator will undergo
intensive testing and will be placed in the MINOS ND hall at Fermilab. The 2x2 will
form part of the ProtoDune-ND [75] together with tracking and calorimeter components
of MINERVA [76]. ProtoDUNE-ND will be exposed to the NuMI neutrino beam [77]. The
setup enables to test beam neutrino event reconstruction across multiple modules and
multiple detector types. A first run of the 2x2 demonstrator is planned to be completed
by April 2022.
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Chapter 5

Development and Production of
ArCLight

This chapter presents the concept and development of the ArCLight light detector based
on the requirements discussed in the previous chapter. The developments discussed here
build upon the already existing version of ArCLight as described in Auger et al. [73].

In the first part, the functional principle and design of the existing design version are
explained. Based on several tests at cryogenic temperatures different design changes were
applied. The production and the implementation of these changes are discussed in the
second section of this chapter. A major issue discovered by these tests was the quality of
the WLS coating, this led to the development of a novel coating setup which is described
in the last section.

5.1 The ArCLight detection principle and original
design

The requirements for the ArgonCube light readout as discussed in Section 4.4, led to the
design of a novel light readout system, since the typically used PMTs are not applicable
in the ArgonCube concept. The ArCLight design was inspired by the ARAPUCA light
trap sensor [78]. An overview of how the light trapping is achieved in the ArCLight design
is shown in Fig. 5.1 and described step-by-step in the following. In this section, only the
existing design as developed in Auger et al. [73] is described.

In order to enable the trapping of photons in a cavity the inner surfaces need to be
highly reflective for the considered wavelength. There is no such material working for the
wavelength of LAr scintillation light. Therefore the scintillation light wavelength first has
to be shifted to a regime that is convenient.

For this purpose, TPB is commonly used. TPB is an organic chemical compound that
shifts 128 nm light to around 430 nm in the visible spectrum (see Fig. 5.2). The absorption
length of this process is (400 4+ 75) nm and it has a quantum efficiency of (0.475 4 0.025).
The maximum efficiency is reached at a layer thickness of ~ 3 um [79].

The sensitive surface of the detector panel has to be transparent to the light emitted by
TPB. In order to prevent photons entering the cavity from exiting it, they have yet to
be shifted to another wavelength for which the entrance surface is not transparent. In
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Figure 5.1 — Schematic profile of ArCLight with dimensions for the ArgonCube 2x2 demon-
strator. The total size of the WLS plastic is 30cm x 28cm x 1ecm. An incident photon
goes through the following steps: (1) Incoming VUV photon (~128nm) gets shifted to
blue (~430nm) by TPB, (2) Blue photon can penetrate through the dichroic mirror, (3)
Blue photon gets shifted to green (~490nm), (4) Green photon gets reflected by dichroic
mirror, (5) Green photon gets reflected by dielectric mirror, (6) Photon hits Silicon Photo
Multiplier which is mounted on a Printed Circuit Board and produces an electrical signal.
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Figure 5.2 — Emission spectrum of TPB and absorption spectrum of the EJ280 WLS
plastic (in a.u.) [73]. The two spectra are largely overlapping which leads to a high photon
conversion efficiency from VUV to green.
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the ArCLight design, the WLS plastic EJ280 produced by Eljen Technology is used for
this purpose. EJ280 shifts the incoming blue photons from TPB to green (see Fig. 5.3)
with a average efficiency of 86% [80]. Since this WLS plastic is self-supporting, it also
servers as the main structure of ArCLight. The WLS absorption spectrum of the WLS
plastic depicted in Fig. 5.2 is highly overlapping with the TPB emission spectrum which
leads to a high conversion efficiency of VUV photons to green. The absorption length of
EJ280 was determined by measuring the absorbance for two samples of thickness 3.5 mm
and 9.2mm. The results of these measurements can be seen in Fig. 5.4.
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Figure 5.3 — Transparency of DF-PA dichroic for 0° / 45° incident angle and emission
spectrum of the EJ280 WLS plastic (in a.u.)[73]. The EJ280 emission spectrum overlaps
only for low incident angles with the transparency window of the dichroic.
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Figure 5.4 — Measured absorption length of the EJ280 WLS plastic. The absorption length
reaches a minimum of 3.24 mmat a wavelength of 428 nm.

At the sensitive surface of the detector, a self-adhesive dichroic mirror foil is placed. This
prevents the photons emitted by the WLS plastic leaving the structure. The 3M DF-
PA Chill foil used has the property that the TPB-emission light can transmit but green
light is reflected. The TPB is coated directly on the dichroic mirror. The TPB emission
spectrum highly overlaps with the transparency window of the dichroic mirror as seen
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in Fig. 5.5. Thus, photons emitted by the TPB layer can transmit through the dichroic
mirror into the WLS plastic. In Fig. 5.3, it is shown that the transparency window of
the dichroic mirror overlaps with the WLS plastic emission only at very low angles of
incidence preventing green photons from leaving the cavity.
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Figure 5.5 — DF-PA dichroic transparency for 0° / 45° incident angle and emission spec-
trum of TPB (in a.u.)[73]. The EJ280 emission spectrum overlaps only for low incident
angles with the transparency window of the dichroic.

The non-sensitive surfaces, up to the one where the Silicon Photomultipliers (SiPMs) will
be placed, need to be reflective for photons in the emission spectrum of the WLS plastic.
This is achieved by coating these surfaces with a mirror foil. Here the 3M Vikuiti™
Enhanced Specular Reflector (ESR) foil is used, which has a reflectivity of > 98 % in the
considered spectrum range [81]. This foil was attached to the WLS plastic by using an
adhesive layer (3M 200MP).

Finally, the trapped photons are detected by one of the six SiPMs attached to the
WLS plastic. Here Hamamatsu S13360-6050CS SiPMs with a larger sensitive area of
6 mm x 6 mm are used [82]. These have a PDE of ~ 38 % in the range of the WLS plastic
emission spectrum.

5.2 Production and structure cold tests

In comparison to the former versions of ArCLight, the goal for this thesis was to scale
the existing design up to the size as it will be used for the ArgonCube 2x2 demonstrator.
Therefore, the whole production process had to be enhanced and several design aspects
had to be changed. The dimensions of the ArCLight version tested in this thesis are de-
picted in Fig. 5.1 except the depth which is 30 cm for the WLS plastic. These dimensions
are following the requirements for the ArgonCube 2x2 demonstrator (see Section 4.5).
The panel has a sensitive area (TPB coated surface) of 28 cm x 30 cm. Following the
calculations in Auger et al. [73] with the properties of the current version of ArCLight,
assuming a uniform TPB coating and considering a corrected value for the TPB effi-
ciency [79], one gets an expected overall PDE of (0.27 + 0.16)%. The size of the panel
will be increased to a sensitive area of 50 cm x 30 cm for the ArgonCube ND design.
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For a first test, an ArCLight panel was produced based on the former design described in
the previous section. To assess the structural stability during thermal contraction, tests
at cryogenic temperatures were performed. The panel was cooled down to liquid nitrogen
(LN2) temperature (77 K) during a period of 4h (75K/h). In this test the mirror foil
detached from the WLS plastic at a temperature of ~ 200 K due to slight differences
in the thermal expansion coefficient. This problem did not occur in previous tests of
the ArCLight panels, which were of smaller size (10x10cm?® and 10x30cm?). On the
other hand, the dichroic foil stayed attached although it has similar thermal contraction
properties as the mirror foil. In the following, a test series was conducted where the
adhesive layer keeping the mirror foil in place, was replaced by epoxy or silicone glue.
Furthermore, a test with single strips of the adhesive film and a version where the adhesive
layer was heated during the lamination process were conducted. All of these tests failed
on contact of the panel with LN2.

In the course of the above-mentioned test series also the lamination process was improved.
Cold lamination rollers with adjustable force were applied. During the lamination, the
panel was heated with a heat gun to improve adhesion.

For a last cold test, the 3M Vikuiti™ ESR foil was replaced with the 3M DF2000 foil
which, as the dichroic foil, has a prefabricated adhesive layer on it. The cool-down test
for this setup was successful. The mirror foil remained attached and did not show any
instability. However, this cool-down test did not prove the long term structural rigidity.
Thus, during a test of a LAr filtration system the ArCLight panel was kept for a full
week at liquid argon temperature (85K). This test showed first signs of fragility, as the
mirror foil detached primarily at the lateral surface. During a second week in cold the
mirror foil detached completely.

As a consequence of the issues with the adhesion of the mirror foil, a version of the
ArCLight structure without mirror foil was studied. On the surface, where the SiPM are
placed, the foil is held in place by the Mask PCB (see Fig. 5.1). Thus, this is the only
surface where the mirror foil was retained. This design is fully relying on the internal
reflection due to the difference in refractive index between the WLS plastic and LAr (1.58
and 1.25 respectively) at 430 nm. The reflection properties of this interface as described
by the Fresnel equations are shown in Fig. 5.6. Total internal reflection occurs for angles
of incidence larger than 52.3°. Thus, one expects a drop in PDE for this version of
ArCLight, but it also shows good long-term structural stability.

A further issue of stability is the difference in the thermal contraction of the WLS plastic
and the PCB supporting the SiPMs. The WLS plastic has a coefficient of linear expansion
of 7.8 x 10* K~ which leads to a total contraction of ~ 5 mm along the side where the
SiPM PCB is mounted. The thermal contraction of the PCB is negligible. Thus, the
SiPM PCB mounting is designed to allow it to be able to slide with respect to the WLS
plastic.

A fully assembled ArCLight panel (without mirror foil) can be seen in Fig. 5.7. The two
design versions, with and without mirror foil, were extensively tested in a test setup with
a TPC. The setup and results for these tests are discussed in Chapter 6. During these
tests, also replacing of the mirror foil with the dichroic mirror was tested. However, the
impact of this design change was not studied separately as the impact of the mirror foil
on the PDE was found to be minor.
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Figure 5.6 — Reflection properties of the WLS plastic to LAr interface. The reflectivity
and transparency for angles of incidence from 0° to 90° are calculated following the Fresnel
equations. Total internal refection takes place above 52.3°. Plot based on [83].

5.3 Wavelength shifter coating for ArCLight

In the former versions of ArCLight, the TPB was deposited by airbrush on the dichroic
mirror. The TPB was dissolved together with polystyrene in toluene and sprayed on
as a solution. This leads to a structure of TPB crystals embedded in polystyrene and
improves the robustness of the TPB layer to wash off by LAr. However, by inspecting
the TPB layer under a microscope it becomes apparent that the coverage factor of TPB
is relatively poor (see Fig. 5.8a).

As stated in Benson, Gann, and Gehman [79], switching to evaporation deposition in-
creases the coverage massively. In evaporation deposition the substrate coating (here
TPB) is vaporized in a vacuum using a heat source. The flux of vaporized substrate
eventually hits the target surface, where it condenses. Since the target, in this case, is
relatively large, commercial evaporators are not applicable. Thus an evaporation chamber
suitable for ArCLight was developed and tested.

The developed evaporation chamber is equipped with a large surface heater table and a
sample holder. In Fig. 5.9 a drawing of the inner structure and a picture of the entire
setup are seen. The used vacuum chamber is a box-shaped acrylic chamber from Cleatech
LLC [84]. The chamber is pumped with a two stage pumping station consisting of a
rotary vane and a turbo molecular pump. To achieve a highly uniform coating, the TPB
is dispersed on an aluminium tray of the size of an ArCLight panel. This tray is placed
on a heater table that is heated with nine power resistors (50W each). The temperature
of the heater kept constant with a PID controller. A support structure with a variably
adjustable distance to the heater table is used to hold the substrate. A water-cooled

27



Figure 5.7 — ArClight version without mirror foil with sensitive area of 28x30 cm?. On the
lower edge the mounted SiPM PCBs are seen with bolts for mounting into a TPC system.
The TPB coating on the apparent surface is applied by air brush.

aluminium plate is placed on the top of the substrate to prevent overheating.

Two different coating procedures were tested. In a first study, the dichroic mirror foil was
laminated to the WLS plastic and then put into the evaporation chamber. The obtained
coating is seen in Fig. 5.8b. It has a coverage factor of almost 100 % and is relatively
robust. However, due to the low thermal conductivity of the WLS plastic, the cooling
from the backside is not very effective on the side that is exposed to the thermal radiation
of the heater table. This leads to major delamination of the dichroic foil form the WLS
plastic.

To avoid this issue, a second procedure was tested where only the dichroic mirror foil
itself has been put into the evaporation chamber. Therefore, the cooling is much more
effective since the foil is directly attached to the cooling plate preventing the adhesive
from melting. The coated foil is then laminated on to the WLS plastic. This procedure
leads to a more robust adhesion of the dichroic foil to the WLS plastic, which is necessary
to prevent it from getting detached during the cool down to LAr temperature.

The thickness of the coating was optimised to 3 pm, which leads to the high achievable
WLS efficiency [79]. The PDE of the ArCLight with the two different coatings is compared
in Chapter 6.

In summary, the changes in the design and production procedure provide a more robust
structure. The removing of the mirror foil causes a drop in the PDE. However, due to
the improved TPB coating an improved performance is expected.
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Figure 5.8 — Microscopic images of the TPB layer achieved with air brush (left) and
evaporation deposition (right). The magnification for both images is x500.

(b)

Figure 5.9 — Evaporation chamber setup. (a) Picture of the acrylic vacuum chamber with
evaporation setup inside and all feedthroughs connected. (b) CAD drawing of the heater
table with the power resistors (orange) and the sample support structure.
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Chapter 6

Characterisation of ArCLight
performance

In the previous chapter different changes in the ArCLight design were discussed, which
lead to changes in the performance of ArCLight. In this chapter, the impact of the
design changes on the PDE are quantified. Before conducting the actual measurements
an optical simulation is performed. For the measurement of the performance different
test runs were conducted. The test setups, the signal readout, and calibration procedure
are all described. By applying a reconstruction algorithm on the collected data, a first
estimator of the spatial resolution in one coordinate direction is determined. Finally, the
measured PDE is used to set an energy threshold level for the tagging of neutron-induced
recoils with ArCLight.

6.1 Simulation studies of the optical performance

During the development of the ArCLight design changes as described in Chap. 5, an
optical simulation was set up to get a preliminary estimate of their impact on the PDE.
Furthermore, this simulation was used to establish an algorithm for the spatial recon-
struction of the photon emission on real data for ArCLight. The simulation is based on
GEANT4 and builds up on an existing optical simulation for ArgonCube with a prelim-
inary implementation of ArCLight. The same simulation is used to produce a lookup
table for the whole light readout system of ArgonCube.

As this thesis focuses on the performance of ArCLight, a separate simulation was set up
where only the ArCLight system is studied, instead of a full ArgonCube module. The
two different versions of ArCLight, with and without mirror foil, were implemented in
GEANT4. All optical properties were set with the parameters described in 5.1. This
included refractive indices of all materials, reflectivity and transparency properties of all
optical interfaces (angular dependent for dichroic foil), as well as WLS and absorption
properties of all materials. The TPB coating was approximated as a uniform layer of
3um thickness with a rough surface (as achieved by evaporation coating).

In the simulations, photons with a 128 nm wavelength were generated uniformly dis-
tributed 1 pm above the TPB layer in a LAr volume. At each of the 10k emission points,
100k photons were generated. Only photons that hit a SiPM (and do not get reflected)
were recorded. For each of these photons, the energy dependent SiPM sensitivity was
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considered and the average number of produced photo electrons (p.e.) for each emission
point was calculated.

The PDE was deduced as the fraction of the number of measured p.e. versus the number
of emitted photons for each emission point. The overall PDE results for the two ArCLight
versions are shown in Fig. 6.1. The average PDE is (0.0352 £ 0.0011) % for the version
without mirror and (0.1006 £ 0.0032) % for for the version with mirror. Le. the overall
PDE drops by a factor 2.86 4+ 0.13 when removing the mirror foil in the simulation.
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Figure 6.1 — Simulated overall PDE distribution of two ArCLight versions with and with-
out mirror foil.

In the spatial dependence of the PDE, on the point where the photons hit the sensitive
surface of the panel, no differences are observable between the two versions. Fig.6.2 shows
the spatial dependence of the PDE for the version without mirror foil. The PDE is as
expected higher close to the SiPMs but drops at the very edge of the panel in-between
the SiPMs.

As mentioned in Sec. 4.4, the goal of ArCLight is to provide a spatial resolution that
enables a rough determination of the light emission point and therefore the matching of
track and light signals in case of a event pile up. In this thesis only conservative methods
(no artificial intelligence (AI)) were used in the reconstruction of the spatial coordinates.
The spatial resolution is defined as the Root Mean Squared Error (RMSE) of the variable
ox' = (.il:fneas—xime), where z° . and 2., are the measured /reconstructed and true value
for the z' coordinate of the emission point and .., respectively.

For the reconstruction of the y coordinate (see 6.6b for definition of directions) different
attempts were made to get a precise and robust algorithm that calculates y,,.q.s from
the available information. The reconstruction has to be based on the distribution of the
measured number of p.e. for each SiPM for a single event, as this is the only information
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Figure 6.2 — PDE dependence on the entry point of the photons at the sensitive surface
of ArCLight without mirror foil. The SiPM positions are marked with red.

available in the experimental data. The most robust approach found is to take the centre
of this distribution calculated as

gmeas = i:1—7 (61)

where n; is the number of measured p.e. in the i-th SiPM and p! is the y coordinate of
the i-th SiPM. However, 1,,.., has to be scaled by a factor of 1.8 in order to minimize dy
and get a 1 to 1 correlation between ¥,,.qs and 4;,,.. The following results are obtained
for a ArCLight without mirror foil. In Fig. 6.3 the result of the reconstruction algorithm
are shown. For the entries in each y;,,. bin, the spatial is determined by calculating the
RMSE. The chosen reconstruction approach does not give a perfect unbiased result and
0y shows a y-dependent systematic offset. These results are depicted in Fig. 6.4. For
the outer part of the detector (y>100mm or y< — 100mm), the systematic offset and
the resolution are significantly worse than in the inner part of the panel. The chosen
reconstruction method starts to fail close to the outermost SiPM positions. This edge
effect will get partly solved if multiple panels are placed next to each other and when one
can look at the p.e. distribution over multiple panels. For the inner part of the detector
an average resolution of (17.41 £ 0.34) mm is expected.

For the z direction (see 6.6b), any attempts for a conservative reconstruction failed. This
may be only achieved with more sophisticated algorithms including AT methods.
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Figure 6.3 — Performance of the y coordinate reconstruction of the photon emission point
in the optical simulation. The red line indicates the intended 1 to 1 correlation between
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Figure 6.4 — Systematic offset (a) and spatial resolution (b) of the y coordinate recon-

struction in the optical simulation.
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6.2 Test stand setups

To measure the performance parameters of ArCLight, four different test setups were used
in total. In Tab. 6.1 an overview over the test runs is given and the parameters of the
used ArCLight panels are listed. These tests are part of the prototyping plan for the
DUNE ND (see Section 4.5). PurityRun I and II are part of the component-level phase,
as SingleCube and Mod 0 are part of the integration-level phase. In the following, the
setups are described in detail.

Table 6.1 — Overview over the test runs used for the light readout characterisation. Except
for the SingleCube run, two light readout panels could be placed in the detector. In course of
the DUNE ND prototyping, LCM modules were also installed but they will not be discussed
in this thesis.

TPC drift Light r/o I Light r/o II
Run name length Mirror Mirror
& Name TPB coating . Name TPB coating .
[cm] foil foil
PurityRun 1 18.5 ArCLight Airbrush Yes LCM Paintbrush -
PurityRun II 18.5 ArCLight Airbrush Yes' ArCLight Airbrush No
SingleCube 30 ArCLight Airbrush No None - -
Mod 0 HV test 30 LCM Paintbrush - ArCLight | Evaporated Yes®

! Mirror foil detached during run.
2 A dichroic mirror foil was placed on the panel backside.

The first two test runs, PurityRun I and II, were performed in a 3001 cryostat and had
the main purpose to test the argon purification system developed at the University of
Bern. However, as both of these runs the cryostat was equipped with a TPC, they could
be utilised to test the light readout system with ArCLight. The same cylindrical TPC
developed for the pixel initial tests [68] was used for both runs (see Fig. 6.5). The TPC
is built up of 10 field shaping rings (diameter 10 cm) and has a total length from cathode
to anode of 18.5cm. The charge readout is realised by a multiplexed pixel board (28
regions of interest, 36 pixels each) connected to LArASICs (for a full description see [68]).
Additionally, a muon telescope is used which is built up of two 7.5¢cm x 7.5cm x 0.5 cm
scintillator plates. If a coincidence of the two occurs, both charge and light readout get
triggered.

In PurityRun I, carried out in March 2020, an ArCLight panel with mirror foil and
airbrush coating was tested. The panel was mounted next to the TPC with the cold
amplifier board (see 6.3) on the top side. The main focus of this run was to test the long
term stability of the ArCLight panel at LAr temperature, these results are discussed in
Section 5. The cryostat was filled with LAr for 7 days. As the readout electronics were
installed the first time in Bern, this run was also used to test the entire light readout
chain. Furthermore, a temporary internal LAr purification system was employed. The
purity achieved in this run was high enough to be able to neglect light attenuation due to
impurities. In PurityRun II, carried out in July 2020, two different versions of ArCLight
were compared, one with and one without mirror foil, both had an airbrush TPB coating.
The whole run lasted 9 days with 6 days of data taking. For the first time, the 2x2 external
LAr filtering system was tested, which allowed reaching a higher purity (/0.5 ms electron
lifetime) than in the previous tests.
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Figure 6.5 — Detector setup for PurityRun II. Below the 18.5cm ring shaped TPC the
scintillator based muon telescope is placed. Two ArCLight panels (with and without mirror
foil) are placed parallel to each other around the TPC.

In October 2020 a third test run was conducted in the same 3001 cryostat. The used
SingleCube TPC (depicted in Fig. 6.6a) is based on a fully pixelated charge readout with
LArPix V2 ASICs [69]. The cubic PCB structure is equipped with 60 conductive strips
connected with a resistor chain which achieved a good field uniformity. The pixel PCB
was equipped with an array of 10x10 ASICS and 4900 pixels in total. The ArCLight
panel without a mirror foil, used already in the previous test run, was transferred to the
SingleCube. It was held in perpendicular position to the pixel plane by a G10 structure,
as in the 2x2 design.

The first single module (Mod 0) for the 2x2 demonstrator was tested in November
2020 in a HV test. It was tested in a 1500 L cryostat connected to the external fil-
ter cryostat already used in the previous runs. The module has an active volume of
64 cm x 64 cm x 120 cm with a central cathode plane splitting it up to two separate TPCs,
so the maximum drift length is 32cm. The electric field is build up with a resistive shell
laminated directly on the G10 structure of the module. The fully assembled module is
seen in Fig. 6.7a. For this test run only a single pixel PCB (10x10 ASICs) with an active
area of 30 cm x 30 cm was inserted. Next to the pixel PCB a set of 3 LCM panels was
installed. An ArCLight version coated with TPB by evaporation was placed next to them
(see Fig. 6.7b). This ArCLight was equipped with a dichroic mirror foil (of the same type
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Figure 6.6 — Setup of the SingleCube detector: (a) Field cage built up of PCBs (green)
mounted to a G10 support structure. The resistor chain, connected to the conductive strips
on the inner side of the PCBs, is seen in the centre of the picture. (b) LArPix V2 pixel
PCB and ArCLight mounted on a G10 support plate. The coordinate axis as used for
the analysis are depicted. The z axis lies perpendicular to the pixel PCB parallel to the
ArCLight surface.

as on the sensitive surface) on the non-sensitive surface next to the field shell, this was
done as the lamination of the dichroic mirror foil was tested to be robust compared with
the standard fully reflective mirror foil.

6.3 Light readout electronics and calibration

The light readout electronics were developed and produced by JINR and are discussed
in detail in Anfimov et al. [72]. For reasons of completeness, a summary is given in the
following. The purpose of the readout electronics is to amplify and digitise the analogue
signal generated at the SiPMs of the light detector. Up to 6 SiPMs are directly connected
to one so-called E-board (E shaped PCB). On this board, for each channel, a separate
preamplifier is placed to produce a large enough signal to transmit to the next amplifier
stage. The preamplifiers have a rise time of ~10 ns which enables fast timing information
as required (see 4.4). The next amplifier stage is placed outside the cryostat and has a
variable gain setting. It also transforms the unipolar signal from the preamplifiers to a
differential signal. The differential signal is then transmitted to the Analogue-to-Digital
Converter (ADC) stage. The SiPM bias voltage is provided by a channel-by-channel
adjustable voltage distributor. The voltage distributor is fed with a common bias voltage
of =60V, for cold operation.

The ADC stage has 64 channels for each unit, with a 10 bit resolution in the full range of
+1.25V and runs at a sample frequency of 100 MHz. It can be triggered by an external
TTL signal or internally by an adjustable signal threshold on one or multiple selected
channels. A busy TTL signal can be extracted and used as a trigger for the charge readout.
The digital waveform data is transmitted via an optical link to the DAQ computer.
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(b)

Figure 6.7 — Module 0 HV test setup. (a) Module during insertion to the detector cryostat.
The G10 module structure is mounted to a vacuum pocket below the top flange to reduce
heat input. (b) Part of the module equipped with light and charge detectors. The three

LCM panels are placed next to the pixel PCB. The ArCLight is mounted on top next to a
dummy pixel PCB.

For each run, a separate calibration of the SiPMs was conducted. A blue LED light
source was used to get high statistics and to have an adjustable light emission amplitude.
The blue light can reach directly into the WLS plastic of the ArCLight, therefore it is
not altered by the timing characteristics of the scintillation in LAr and neither the ones
of the WLS process in TPB. One can assume that all photons of a LED pulse arrive at
the same time in the WLS plastic since the time differences between in the time of travel
are much smaller than the rise time of the electronics or the decay time of the WLS
plastic. The measured waveform data is integrated within a certain integration window
(gate). In Fig. 6.8 an example average waveform and the corresponding integral spectrum
(80ns) is shown. In the spectrum the single p.e. peaks are observable. By calculating
the difference of ADC channels between two peaks, one can determine the gain and thus
the number of p.e. per event.
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Figure 6.8 — Example calibration data of a single channel over 30k events: (a) Average
waveform in ADC units (1 time sample = 10ns), (b) ADC channel integral spectrum with
pedestal subtraction (no baseline subtraction) for a 80 ns time gate (sample 492-500). The
observable peaks correspond to 0,1,2,3 p.e. .

To obtain the full number of p.e. generated by the LED pulse, the integration gate has
to be much longer than the light pulse and the decay time of the WLS plastic (=10ns).
However, the single p.e. peaks can only be observed for small gates (<100ns), since for
longer gates the peaks smear out and are no longer distinguishable. For longer integra-
tion gates, that include the full electronics response, only an indirect calibration can be
applied. The gain obtained by a short gate has to be multiplied by the average ratio
between the integral over the long gate to the one over the short gate. This indirect
calibration holds as long as no late photons arrive after the short gate. For the follow-
ing analysis, the initial calibration was done with a 80ns gate and this calibration was
transferred as described to a 500ns gate. The 500 ns gate also allows measurement of
late-arriving photons, but it is not yet affected by noise that dominates the signal in even
longer gates >1000 ns.

6.4 Light reconstruction with track data

To obtain any information about the efficiency and resolution of the ArCLight system,
the light yield induced by the particles inonising with LAr has to be reconstructed. To
do this, the tracks reconstructed from the charge readout data are used.

To simplify the light reconstruction, only non-stopping cosmic-muon like tracks are con-
sidered in this analysis. Cosmic muons are the dominant interactions measured in the
used setups. For each test run, events were selected by applying several cuts:

o In the first cut, only events were selected that show a good track reconstruction
quality. This cut depends on the charge readout system used and therefore varies
between the test runs. Here, mainly the number of recorded charge hits, number
of reconstructed clusters and residual of the charge hits to the reconstructed tracks
are used.

o The second cut selects only events with a single track. Multiple tracks could lead
to ambiguities in the light reconstruction procedure.
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e In a third cut, the length of the track is restricted. Only events that cross the whole
TPC (or the whole pixel board for Mod 0) are selected to remove tracks of stopping
muons and other interacting particles.

o For the Mod 0 run, an additional cut has to be applied to get only tracks that are
crossing the detector vertically since the pixel board sits below the ArCLight panel
(see Fig. 6.7).
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Figure 6.9 — Single step of the light reconstruction for Purity Run I algorithm based on
track data. The ring shaped TPC (yellow centre), one ArCLight panel (green left), two
LCM panels (green right), the muon telescope (blue) and support structures (yellow) are
implemented in TGeo. For a single point on the track (here in the centre of the ring shaped
TPC) the algorithm checks if the connecting line (black) to a grid point on the light detector
is blocked by any structure and if not it calculates the corresponding solid angle. The total
solid angles are summed up over all grid points and along the extended track.

Each detector setup was implemented in a ROOT TGeo based geometry simulation.
The selected tracks are assumed to cross the entire TPC. Thus, for each event, the
corresponding track was inserted to this simulation and extended to the TPC boundaries.
The track was then discretised to single points with a 1 mm resolution along the track
assuming an infinitely thin track. For each point, the solid angle to the light detector in
the setup was calculated. The solid angle was approximated as

w= 5;008(9), (6.2)

where S is the surface area of the detector, d the distance to the centre of the detector
surface and 0 the angle of incidence of the connecting line to the centre of the detector.
To account for large errors of the approximation in Eq.6.2, the light detectors surfaces
were divided to a grid of subsurfaces. In Purity Run I/II objects blocking the direct light
yield from to a part of the detector have to be considered. If the direct connecting line
between the emission point and a subsurface is blocked by any structure, this subsurface
is not taken into account in the calculation of the total solid angle. The total solid angle
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is the sum of the solid angle to each non-blocked subsurface. The total solid angle per
point is then normalised (divided by 47) and summed up over the whole extended track to
get the normalised number of reconstructed photons 7.,_,. This procedure is depicted in
Fig. 6.9. By multiplying 7,_, with the number of photons emitted per mm in LAr €, one
gets the total number of photons hitting the light detector surface within the considered
event. € depends on the dE/dx of the interacting particle and the electric field.

In this light reconstruction, Rayleigh scattering is neglected as for all setups (except Mod
0) the optical path between the measured tracks and the light detectors is much smaller
than the Rayleigh scattering length. For the Mod 0 setup this does not hold strongly
(TPC height: 120cm) however, the contribution to the total solid angles of emission
points at larger distances is negligible.

6.5 Photon detection efficiency results

To quantify the impact of the design changes on the detector performance the PDE of the
different versions can be compared. In this section, the impact of the mirror foil and the
TPB coating technique are studied. The PDE of the ArCLight system can be calculated
by comparing the number of true measured photons and the number of photons that hit
the ArCLight as obtained from the measured particle tracks. Therefore, the track events
have to be matched to the corresponding light event. This synchronisation is not trivial
since, in all the considered runs, the charge and light readout were running with separate
unsynchronised clocks and had missing events due to too high event rates. Thus, the
efficiency of this event synchronisation is below unity. By matching the time differences
between the recorded events of the two systems in each run over 95 % of the track events
could be matched to a light event.

Since the light can only be measured for a limited gate length (see 6.3), not the full
scintillation light can be detected. As described in Chapter 3, the LAr scintillation process
has a slow and fast time component. If a certain gate length T, on the light readout is
chosen, due to the slow component (74 ~ 1.5 ps), late photons are not detected. However,
in this light reconstruction, no timing information is considered and only the total number
of photons hitting the detector is calculated. To account for this, a correction factor has
to be applied. The number of late photons is calculated by calculating the time-dependent
detector response for a muon interaction. The pure detector response has to be folded
with the timing characteristics of the LAr scintillation process. In the waveform obtained
from the LED calibration runs, the pure detector response I (t) is measured (except
TPB WLS), since all photons are assumed to arrive at the same time on the detector
(see Sec. 6.3). The timing characteristics of the LAr scintillation I, (t) are modelled
following Whittington, Mufson, and Howard [85], where also the TPB WLS process is
folded in. By normalising I, (t) and calculating the convolution with I,.,,(t), one gets
the full detector response for a muon interaction that would be expected for an infinite
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readout gate. Thus, the gate acceptance £ can be calculated as
TQ

/(Idet * Lgeine) (£)dt

¢(1,) == . (6.3)
/(Idet * ]scint)(t)dt
t=0
The PDE of the ArCLight n for a single event can now be calculated as
Ny,
S— 6.4
77 gﬁfﬁ,,y_,r, Y ( )

where n,_,, is the total number of measured photons within the event.

The goal for PurityRun I and IT was to compare the ArCLight versions with and without
mirror foil. In both of these runs, the drift field was created by a field shaping rings.
This led to a much lower field uniformity than in the SingleCube or Mod 0. Thus, €
could not be determined absolutely, since it is field dependent. However, an upper limit
for € can be obtained by taking its value at zero field conditions. Therefore a lower limit
on the PDE can be determined. Since the field is the same for both tested ArCLight
versions in this run, the ratio between these lower PDE limits is the same as the ratio
between their absolute PDEs and the upper limits can still be used to compare the two.
At zero field, the average energy required to produce a single photon W,,_;,,, for a MIP
is (24.4+1.7)eV [51]. Cosmic muons can be approximated as MIPs. For an average
ionisation energy loss dE/dz = 2.1 MeV /cm of a cosmic muon, the number of produced
photons per mm is

dE

Eran = WL = (8.61 +£0.59) x 10° mm™". (6.5)

ph—maz

And with a gate length T, set to 500 ns, the gate acceptance £ is (16.06 & 0.52) %.

In course of the PurityRun II, large parts of the mirror foil detached from the ArCLight
panel that was initially covered with it. Since it could not be determined when this
detachment happened, the data from this panel can not be considered for the comparison
analysis. To compare the PDE of the ArCLight versions with and without mirror foil
the data from PurityRun I and II are taken into account. Both of the compared panels
were TPB coated by airbrush. The results for the lower PDE limit can be seen in
Fig. 6.10. The mean PDE limits for the versions with and without mirror foil are 1,37 >
(0.0887 £ 0.0068) % and nyorr—ap = (0.0757 £ 0.0058) % respectively.

In the SingleCube run, the new field-shaping structure enabled a much better unifor-
mity of the field compared to the PurityRuns. Thus, an absolute value for € could be
determined and an estimation of the absolute PDE could be worked out. As described
in Sec. 3.2, the total scintillation light yield gets attenuated in the presence of an electric
field. At the nominal field of 500V em ™! the light attenuation factor for cosmic muons is
q(500 Vem™) = 0.802 & 0.086 [86]. Thus, the average energy needed to produce a single
photon is

4%

p

W(E=500Vem™) = WP’EE”;I — (30.4 4+ 3.4)eV. (6.6)
q
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Figure 6.10 — Impact of the mirror foil on the overall PDE. The PDE for the versions
without and with were measured in PurityRun II and I respectively.

And therefore, the number of photons emitted per mm for a MIP is

dE
— -1y _ da _ 3 -1

e(E=500Vem ) = W (E) = (6.84 £0.77) x 10°mm ™. (6.7)
In Fig. 6.11 the combined results on the overall PDE from the SingleCube and Mod 0 run
are shown. The overall PDE for the version with airbrush coating and evaporation coat-
ing is Myorr—ap = (0.1020 £ 0.0035) % and Nyops—evap = (0.2055 3 0.0070) % respectively.
The evaporation coating panel has an overall PDE which is by a factor 2.015 4 0.069
larger compared to the airbrush coated panel. It has to be taken into account that the
evaporation coated panel was also equipped with an additional dichroic mirror on the
backside surface. However, the impact of the mirror foil is of minor significance as shown
above. Thus, the increase of the PDE can be attributed to the improved TPB coating.
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Figure 6.11 — Impact of the TPB coating technique on the overall PDE. The PDE for
the ArCLight versions with airbrush coating and evaporation coating were measured in the
SingleCube run and the Mod 0 run respectively.

6.6 Spatial resolution results

The methods established with the optical simulation for the reconstruction of the photon
emission point were also applied to the real data of the SingleCube run.

For the direction along the different SiPM positions, here called y (see 6.6b), a straight
forward approach is chosen. In a single event, the number of p.e. measured in each SiPM
is assigned to the position of this SiPM. As established in the optical simulation, the
centre of the distribution of these hit positions ¢,,..s is then taken as an estimator for
the Y;ue- Unlike in the simulation, in the real data from SingleCube, the photons are
not emitted in a single point but along a track. Thus, the centre of gravity of the track
is considered as v,,.,.. This is only a reasonable choice for tracks with a low inclination
in y direction and thus only tracks with # < 0.5 are chosen. In order to approach a 1
to 1 correlation between v;e and Ypmeass Umeas Nas to be scaled by constant factor as
previously done in the simulation. This factor is calculated by taking a linear fit of 4,,cqs
VS. Ypue- Lhe resulting correlation is shown in Fig. 6.12. Based on this 2D distribution
the RMSE is calculated for each 1,,. bin to get the y dependent spatial resolution. In
Fig. 6.13 the systematic offset (mean of 0y) and the y resolution (RMSE of dy) are shown.
The algorithm fails in the region close to the edges (y>100mm or y< — 100 mm). For
the inner part of the detector (—100mm < y < 100mm), the average resolution is
(53.6 + 1.9) mm.

As before in the optical simulation, any attempts for a conservative reconstruction failed

for the z direction. Reconstruction attempts also failed for the = direction (away from
the ArCLight).
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struction in SingleCube data.
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6.7 Energy threshold for neutron detection

As described in Sec. 4.4, detached energy deposits due to neutron-induced recoils can
only be distinguished from other interactions using the light readout. The measurement
of the PDE, n4,crignt, enables one to set a threshold on the minimum neutron energy
required to allow an efficient tagging.
The minimum energy of an ionising particle that can be detected by ArCLight is

ey min 1 47

By ~ . . , 6.8
" N ArCLight R’y (LAT) emzn ( )

where 7., ,,;,, is the minimum number of p.e. to overcome the ArCLight dark-noise level,
R (LAr) is the average photon yield in LAr per unit of deposited energy and 0,,;, is
the minimum solid angle of any point in the detector to the light detector. The last
factor corrects for the fact that not all emitted photons hit the sensitive surface of the
light detectors. By taking the minimum light yield of a particle at nominal field, namely
for a MIP, R, ., = (4.10 £0.29) x 10* MeV ™! [51] an upper limit of the threshold for
any ionising particle can be set. A conservative estimate for n, ,,;, is 3 p.e. that can
be achieved with a relatively high light trigger threshold. The minimum solid angle
Opnin for the ArgonCube ND design is 0.351sr. With the PDE (0.2055 £ 0.0070) % of
the ArCLight without mirror foil and evaporated TPB coating, one gets a upper limit
on the threshold of Ey, 4. = (12.7+4.4) MeV. This value does not consider any gate
acceptance of the light readout and just account for the pure PDE (assuming an infinite
integration gate). Thus, if one applies a discrete gate, the threshold energy has to be
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Figure 6.14 — Kinetic energy distribution of secondary particles after a neutron interaction
depending on the energy of the initial neutron. In total 100k neutrino interactions are
simulated by GEANT4 based MC simulations. The red line indicates the energy threshold
for light detection by ArCLight. The black line indicates the energy threshold for recoiled
protons to be measured as a track.
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divided by the corresponding gate acceptance factor. For the neutron tagging the gate
has to be shorter than the time difference between two neutrino events (~ 100ns [71]).
This threshold energy can be used to set a threshold for tagging fast-neutrons-induced
recoils. In Fig. 6.14 the kinetic energy distribution of secondary particles after a fast-
neutron interaction (based on MC simulations) are shown with the calculated threshold
for light detection with ArCLight. It is assumed that the full kinetic energy is deposited
in the detector. The scintillation yield per deposited energy for non-relativistic protons is
approximately the same as for a MIP [51]. Thus, the energy threshold calculated for MIPs
holds also for protons. Only tracks longer than 3 mm can be deduced as a track by the
charge readout system. As shown in the same figure, the energy needed to overcome this
limit by the charge readout is larger than the minimum energy detectable by ArCLight.
To tag a fast neutron the spatial and timing resolution of the detector-wide light detection
system has to be good enough to associate a recoil proton with the corresponding neu-
trino event. The minimum distance between a recoil proton and any other energy deposit
is 30 cm [71]. This spatial resolution requirement on ArCLight is already achieved with
the conservative methods used in this thesis (see Fig. 6.13). The mean time separation
between two neutrino-events is expected to be 280ns for the DUNE ND design. The
timing resolution of ArCLight is to be determined yet but following the timing charac-
teristics of the different system parts (see Sec. 5), it is expected to be much higher than
required for the neutron tagging.
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Chapter 7

Conclusion and Outlook

In this thesis, I have proved that the ArCLight light detection system fulfils the require-
ments for the DUNE ND. In course of this prototyping work, two major design changes
were realised. In order to make the structure applicable at cryogenic temperatures, I
removed the mirror foil that was initially used to improve efficiency of the light trapping.
By removing this mirror foil the robustness of ArCLight, in particular during cool-down
and warm-up processes, was significantly improved. The risk of delamination of the foil
or induced shear stress leading to potential cracking of the structure was eliminated.
The second change was the implementation of a new coating technique of the WLS TPB
layer. The airbrush coating was replaced with a vacuum-evaporation coating, for which I
designed and successfully operated an evaporation chamber. The evaporated coating has
led to a considerable improvement in the uniformity of the TPB layer. During several
prototyping test runs performed by the ArgonCube collaboration, the ArCLight struc-
ture could be tested multiple times. This allowed analysing the impact of the design
changes on the performance of ArCLight. Removing the mirror foil has led to a drop of
the overall PDE by &15%. This is compensated by the improved TPB coating which
has led to the increase of the PDE by a factor 2.015 4+ 0.069. For the final version of
ArCLight, I measured an overall PDE of (0.2055 4 0.0070) %.

In order to establish an optical simulation of the ArgonCube detector, I contributed to the
implementation of the optical parameters to a GEANT4 based simulation of ArCLight. I
used this simulation to establish an algorithm to reconstruct the coordinate perpendicular
to the charge drift direction of the light emission point. This algorithm was then applied
to experimental data to establish a first estimate for the spatial resolution of ArCLight
in one coordinate. Due to the fact that only a single panel was tested (In the final design
there will be neighbouring panels), the algorithm failed for light emissions close to the
edge of the panel. For the middle part of the panel, an average spatial resolution of
(53.6 £ 1.9) mm could be measured. Further, I used the simulation to get an estimate for
the PDE and the impact that the design changes had on it. The PDE in the simulation
is generally overestimated. This issue was also reported in different applications of the
optical simulation and will be fixed for future usage of it.

I can confirm that the ArCLight system fulfils the PDE and spatial resolution require-
ments for the DUNE ND. In particular, I could deduce an energy threshold to detect
charged particles by scintillation light. This threshold is lower than the energy needed
for the charge readout to detect a passing particle as a track. Hence, every fast-neutron-
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induced proton recoil that is detected by the charge readout can be identified by the light
readout and be tagged due to the fast timing resolution.

The next steps towards the DUNE ND concerning ArCLight will be the production
of further test of multiple panels in a full ArgonCube module, and later for multiple
modules in the 2x2 demonstrator. The 2x2 demonstrator will be used to continue the
characterisation of the ArCLight performance and to test its integration into the detector
system. In order to improve spatial resolution, better light reconstruction algorithms have
to be developed, potentially with the integration of AI methods. Furthermore, the spatial
reconstruction can be improved by combining the data from multiple ArCLight panels
and data acquired by LCM panels. After the completion of the prototyping campaign
with the ArgonCube 2x2 demonstrator, the ND design will be finalised and implemented.
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