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Abstract

Astronomical observations of the dynamics of galaxies and galaxy clusters suggest
they have to contain substantially more mass than is directly observed, the so-called
dark matter (DM). This finding is supported by measurements of the cosmic mi-
crowave background (CMB), which requires five times more inert mass than regu-
lar, "baryonic’ matter participating in acoustic oscillations of the primordial plasma.
Furthermore, the observed structures in the universe constrain the DM to be non-
relativistic at the epoch of matter-radiation equality. The combined observations
exclude every known particle in the standard model of particle physics, leaving the
explanation of the phenomenon to new physics.

The XENON detectors utilize dual-phase time projection chambers (TPCs), ded-
icated to the search for DM, focused in particular on one suitable candidate, the
weakly interacting massive particles (WIMPs). The last two detectors of the series
contain 2t and 5.9t as an active liquid xenon target for XENONI1T and XENONnT,
respectively. Although no DM has been detected yet, new exclusion limits were set.

To produce reliable results, the detector characteristics need to be well known.
This is achieved with calibrations, where the detector is exposed to radiation with
well-known properties. These can be external sources, but also radioactive isotopes
mixed directly into the xenon can be used to verify detection efficiency and uniformity
throughout the detector volume.

This work focuses on the introduction of a new internal low-energy source, the
radioactive isotope 3" Ar. Two transitions at energies of 2.82keV and 0.27 keV, respec-
tively, are used for calibration. The source can be produced on-site at the University
of Mainz at the TRIGA research reactor located on campus. On the hardware side, a
dosing system was developed to fine-dose the amount of activity injected into the TPC.
Also, the procedure to remove the source from the xenon was successfully performed,
by the cryogenic distillation column of the XENONI1T/nT recirculation system.

A complete calibration run was performed at the end of data taking of XENONIT
and after the first science run of XENONnNT. The high statistics and uniformity of
3TAr data stressed the impact of field non-uniformity on charge carrier and photon
production in xenon and therefore on the applied event corrections. Based on this
calibration, we found an event-reconstruction anomaly in the top part of the TPC for
low energies and developed a correction. With the calibration data, the photon and
electron yields of xenon for the 2.82keV decay were measured at 32.27 + 0.52 ph /keV
and 41.02 £ 1.06 e~ /keV, respectively. For the lower value of 0.27 keV an electron yield
of 68.0752 e~ /keV was found.

Planned improvements of liquid xenon TPCs include a possible replacement of cur-
rent photo multiplier tubess (PMTs) with modern, compact silicon photomultipliers
(SiPMs). To evaluate the feasibility and performance of SiPMs in xenon detectors, a
test setup was developed to characterize the sensors under detector conditions. This
setup and first steps in data analysis are presented in this work, with a possible future
upgrade of the local 'MainzTPC’ in mind.






Zusammenfassung

Die Bewegungen von Galaxien und Galaxiehaufen legen Nahe, dass sie deutlich
mehr Materie anthalten miissen als direkt beobachtet wird, die sogenannte dunkle
Materie (DM). Dies wird durch Messungen der kosmischen Hintergrundstrahlung
bestéatigt, welche fiinfmal mehr DM als sichtbare, ’baryonische’ Materie erfordert,
welche an den akustischen Schwingungen des Urplasmas beteiligt ist. Desweiteren
kann durch die beobachtete Struktur des Univerums eine relativistische Natur der DM
zur Zeit des Materie-Srahlungs Gleichgewichts ausgeschlossen werden. Alle Teilchen
des Standardmodells sind durch Beobachtungen ausgeschlossen, was nur 'Neue Physik’
als Erklarung lasst.

Das XENON-Experiment verwendet zwei-phasen Zeitprojektionskammern zur Suche
nach DM, im Speziellen nach den schwach wechselwirkenden WIMPs (eng. weakly
interacting massive particles). XENONI1T enthielt 1.3t, XENONnT enthélt 5.9t fliis-
siges Xenon als aktive Detektormasse. Obwohl bisher keine DM nachgewiesen wurde,
konnte der theoretisch erlaubte Parameterraum eingegrenzt werden.

Um verlassliche Ergebnisse zu erzielen, muss der Detektor moglichst gut verstanden
werden. Dies geschieht mit Hilfe von Kalibrationen, oft basierend auf Strahlung
bekannter Energie, die sowohl von aufsen, als auch ins Innere des Detektors eingebracht
werden. Damit kann sowohl die Nachweiseffizienz als auch die Detektorhomogenitét
verifiziert werden.

Der Fokus dieser Arbeit liegt auf der Einfiihrung einer neuen, niederenergetischen
Kalibrationsquelle, dem radioktiven Isotop 37Ar, welches mit dem TRIGA-Reaktor
der Universitdt Mainz direkt auf dem Kampus hergestellt werden kann. Zwei Zer-
fallskanile mit jeweils 2.82keV und 0.27keV Zerfallsenergie werden zur Kalibration
verwendet. Zur Dosierung der in den Detektor eingebrachten Aktivitdt wurde eine
Dosiervorrichtung entwickelt. Ebenso wurde die Entfernung des 3"Ar aus dem Xenon
mit Hilfe der kryogenen Destillationssdulen des Rezikulationssystems von
XENONIT /nT erfolgreich durchgefiihrt.

Am Ende der Laufzeit von XENONIT, sowie nach der ersten Messkampagne von
XENONNT, wurde jeweils eine 3" Ar Kalibration durchgefiihrt. Durch die 3" Ar Daten
wurde der Einfluss von Feldinhomogenitédten auf die Erzeugung von Elektronen und
Photonen in Xenon deutlich. Fiir niederenergetische Ereignisse, @hnlich der von
37Ar, wurde eine Rekonstruktionsanomalie im oberen Bereich der TPC gefunden und
eine entsprechende Korrektur entwickelt. Mit diesen Daten wurde die Photonen-
und Elektronenausbeute fiir den 2.82keV Zerfall zu jeweils 32.27 +0.52 ph/keV und
41.02+1.06e~ /keV  bestimmt, fiir den 0.27keV Zerfall wurde ein Wert von
68.0752 e~ keV fiir die Elektronenausbeute gefunden.

Geplante Verbesserungen fiir fliissig-Xenon TPCs schliefsen auch ein Ersetzen der
herkémmlichen PMTs mit modernen, kompakten SiPMs ein. Zum Einschétzen der
Machbarkeit und Leistungsfdhigkeit von SiPMs wurde eine Teststation zur Charak-
terisierung der SiPM Eigenschaften entworfen. Eine erste Messung und Analyse, ins-
besondere beziiglich einer Aufriistung der MainzTPC, wird in dieser Arbeit dargelegt.
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Introduction

Astronomical observations have shown that only a small fraction of the observable
universe is made from baryonic matter. Observations of the cosmic microwave back-
ground have shown that the universe primarily consists of dark energy and dark
matter. This assumption is based on the ACDM model, the current standard model
for cosmology. Part of the name, CDM, standing for Cold Dark Matter, already
infers an important property for possible DM candidates, namely being cold, which
in this context refers to be non-relativistic.

One prominent candidate for a DM particle is the so-called WIMP. Detection efforts
are made via indirect detection with a search for WIMP annihilation products such
as y-rays, neutrinos or cosmic rays, as well as with production attempts in colliders,
such as the Large Hadron Collider. The third channel is direct detection, where the
measurement of collisions between WIMPs and baryonic matter is attempted. Several
experimental techniques are suited for direct detection measurements, at which the
most applied ones are cryogenic crystal and noble gas detectors.

Noble gas detectors are often realized in the form of dual-phase TPC. This kind of
detectors typically consist of a large volume of liquid noble gas with a thin vapour
layer on top, which is observed by two arrays of photosensors on top and the bottom
of the detector. Signals are created in the liquid phase, creating a primary scintillation
signal and electrons, which are drifted by an applied electric field to the gas phase,
where they create a secondary scintillation signal. Several properties of the interaction
can be derived from these two scintillation signals, for example, the deposited energy,
or if it is interacting with the shell or the nucleus of the xenon atom. This allows the
identification of possible WIMP candidates and also allows to conclude on possible
mass and cross-section of the WIMP.

One prominent experiment utilizing the noble gas xenon is the XENON experiment.
It consists of a series of experiments, in which XENON100 with an active detector
mass around 100 kg of xenon was the first to look for DM. The advancement of the
series over XENONIT (with 1.3t of active mass), the current XENONnT (5.9t), and
the possible future projects of DARWIN (40t) or XLZD (60t) highlight an advantage
of this technology: easy scalability to improve sensitivity.

Increasing the size of the detector also entails challenges that need to be solved.
Larger dimensions mean longer drift times. This requires higher purity of the xenon
and a better understanding of the electrical field. To understand the detector be-
havior, calibrations are performed. The excellent self-shielding property of xenon, for
instance, is beneficial for background suppression but also renders the usage of ex-
ternal calibration sources unfeasible. Therefore internal calibration sources, directly
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mixed into the xenon, are utilized. In this work a new internal source is introduced,
the isotope 3"Ar with a half-life of 35 days.

37 Ar works similar to the already used ™Kz , distributing homogeneously through-
out the detector volume, albeit it decays with much lower line energies of 2.82keV and
0.27keV. Due to its long half-life, it needs to be removed actively after the calibration,
utilizing already existing distillation facilities. This work describes the production of
the source, the injection into and removal from the experiment, as well as a series
of analyses. These include the measurement of the light and charge yield of xenon
at the 37Ar energies and the finding of other detector effects, like field effects and
signal afterpulse separation, that influence energy reconstruction, especially at these
low energies.

The scintillation signals in a TPCs are usually read out with a PMT. In the last
years, a new type of photosensor emerged, the SiPM. A test setup was built to char-
acterize the properties of various vacuum ultraviolet (VUV) sensitive SiPM models
and test their suitability for use in a liquid xenon TPC.

This work describes the setup and presents a first analysis of the data gained in a run
with the SiPMs under liquid xenon conditions. Currently, upgrades are implemented
to characterize a set of the newest generation of SiPMs, which are ultimately used in
the future version of the local '"MainzTPC’.

14



1. Dark Matter Introduction

In this chapter a general overview is given in Section 1.1 for the evidence observed
that led to the introduction of the concept of DM. Section 1.2 introduces the ACDM
model, which describes the observed effects. The WIMP is a DM candidate, which is
the primary detection target of the XENON DM detector series, on which large parts
of this work are based. These particles are, however, not the only DM candidates
that provide the expected properties. Some further candidates are shortly mentioned
in section 1.4, as well as some mechanisms and explanations that try to avoid the
introduction of new particles altogether are mentioned in section 1.5. Only very short
explanations are given for these alternatives, which are far from being complete or
from providing a satisfactory explanation. They are mentioned to clarify the vastness
of possibilities to explain the observed phenomena, but providing more details is
beyond the scope of this work.

In the following section 1.6, a coarse overview of the direct detection approach is
given, as well as a brief overview of how these concepts are realized in experimental
setups in section 1.7.

1.1. Hints for the existence of Dark Matter

Galaxy cluster observations

The first observations teasing a large amount of invisible matter in the universe were
conducted in the 1930s by Fritz Zwicky. He measured the velocity distribution in the
Coma galaxy cluster and found a far larger spread of velocities for its constituents
than expected. Based on optical observations, the cluster consists of 800 individual
nebulae within a radius of approximately 1 million light years. Utilizing the Virial
theorem:

1
EKin = _§EPot (11)

one can calculate the mean velocity of its constituents and find a value of 80 km/s.
This is in strong tension with the measured velocity distribution, based on the redshifts
of the nebulae, which shows far larger differences in speed of up to 2000km/s. To
be consistent with observations, the mass of invisible 'dark matter’ must be much
larger than that of the visible one (although Fritz Zwickys calculation resulted in a
mass-to-light ratio of 400, which is far too large, caused by using the Hubble constant
known at that time [1]) [2].
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1. Dark Matter Introduction

Rotation curves

In the late 1960s, Vera Rubin determined the rotation speeds of stars around the
center of their galaxy by measuring the redshift of these stars caused by the motion.
It became obvious, that especially the stars more distant from the galaxy center moved
faster than expected [3]|. Following Newton the relation between rotation speed and
distance to the galactic center should follow the relation

\/T
UV X —
;

as it was also observed for the planetary movement in our solar system. In the
observed galaxies, the speed of the outer stars is nearly constant as shown in Fig. 1.1.

This hints at the existence of additional mass, invisible in the EM-spectrum, which
is needed to explain the observed movement. In modern cosmological models a halo
of this invisible mass, called Dark Matter, encompasses the galaxies. These halos are
assumed to extend to a radius several times larger than the visible components of the
observed galaxy [4].

Rotation Curves of Galaxies

5 10 15 20 25 30
R kpc

Figure 1.1.: Various rotation curves of different galaxies. [3].

1.2. ACDM model

The ACDM model is the current standard model describing cosmology, as it is the
simplest model providing reasonably good explanations for the observed properties
of the cosmos. These include the CMB observed and mapped by multiple satellite
and ground-based instruments, the observed structure (distribution of matter) of the
universe, the abundance of the light elements and their isotopes (hydrogen and helium)
created in the Big-Bang nucleosynthesis (BBN), and the observed expansion of the
universe.
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1.3. Cosmic Microwave Background

In the ACDM model the universe consists of three major constituents: dark energy,
dark matter, and baryonic matter. The latter is the ordinary matter, which partic-
ipated in BBN, interacted via electromagnetism with the photons in the primordial
plasma (the source of the CMB), and eventually form the stars and gas we observe
today.

The A is the cosmological constant, representing the vacuum energy of space, and is
the simplest model for of dark energy. This constant is present in Einsteins field equa-
tions and has the same properties as an energy density. It also provides a 'pressure’,
which is, however, negative and responsible for the observed accelerated expansion of
the universe.

The CDM stands for Cold Dark Matter, already implying additional properties
of the unknown particles first proposed by Fritz Zwicky. Besides having to be non-
baryonic (also including electrons) in nature, it must be cold. This refers to the
kinetic energies of the dark matter particles, meaning their speed has to be already
non-relativistic at the time of matter-radiation equality. This requirement results from
observations of the cosmological structure, the distribution of the galaxies and galaxy
clusters in the universe. Resulting structures from simulations were only comparable
with observations if the assumed velocity distribution of the DM particles were non-
relativistic.

As dark matter cannot be directly observed, electromagnetic interaction can be
excluded. Thus, within the standard model (SM), dark matter can only interact via
gravity or the weak force. This only leaves one particle of the standard model as a
candidate for DM: the neutrino. The neutrino, however, is very light and therefore
was moving at relativistic velocities in the early universe (and well beyond decoupling
of the CMB), and hence can be ruled out as a major DM-contribution by early simu-
lations of its impact on structure formation. Due to its relativistic (hot) nature, the
structure of the universe would be much more smeared out than actually observed [5].

1.3. Cosmic Microwave Background

Predicted in 1948 by Ralph Alpher and Robert Herman [6], the CMB was discovered
in 1964 by Arno Penzias and Robert Wilson [7]. The CMB is a remnant of the Big
Bang, showing the state of the universe at an age of approximately 380000 years. At
this point, it reached a temperature of 3000 K, where atoms were able to form and
photons were able to move freely through space for the first time. Today the CMB
can be described with a black-body spectrum at a temperature of 2.726 K. Several
satellite missions were launched to perform precise measurements of this background
radiation. These missions, starting with COBE (Cosmic Background Explorer), fol-
lowed by WMAP (Wilkinson Microwave Anisotropy Probe), and Planck discovered
small anisotropies in the CMB which are shown in Fig. 1.2.

17



1. Dark Matter Introduction

Figure 1.2.: Cosmic Microwave Background measured by the Planck satellite. It shows
the temperature fluctuations (with a variation of + 300K ) in the microwave back-
ground with a mean temperature of 2.726 K. [8].

After the removal of foreground radiation emitted mainly from the galaxy, the mea-
sured temperature map can be decomposed into spherical harmonics with a Fourier
transformation. The resulting power spectrum can be fitted with the standard model
of cosmology, the A-Cold Dark Matter (A-CDM) model. It is currently the simplest
model, using only 6 parameters to describe age, shape, and composition of the uni-
verse. The power spectrum and the A-CDM fit can be seen in Fig. 1.3. Also shown
in the figure are the shapes of the model for a different value of the Q2cpjy; parameter,
which represents the DM content in the universe. The position of the higher acoustic
peaks, especially the third, clearly depends strongly on the amount of DM. This is
in agreement with the assumption that a different amount of DM would result in a
different structure size. In all variations the first acoustic peak stays at the same
position, validating a flat geometry of the universe. Resulting from the A-CDM fit
to the Planck data, the universe is composed of 4.9% baryonic matter, 26.8 % dark
matter, and 68.3% dark energy [9].

1.3.1. Weakly Interacting Massive Particles as dark matter
candidates

Based on the presented observations and on the derived properties determined for DM,
baryons can be excluded to be the constituents of DM. Additionally, their contribution
to the energy content of the Universe is constraint to ~5%. As neutrinos are also
ruled out based on structure observations, the Standard Model of Particle Physics
does not provide any suitable DM candidate.

Therefore, to solve the DM mystery, many new physics particles are suggested. One
class of particles that provide particles with suitable properties are the WIMPs. They

18



1.4. Alternative Dark Matter Candidates
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Figure 1.3.: Temperature power spectrum (2018) measured by the Planck satellite. The
figure shows the shape of the A-CDM model for variations of the parameter Qcpa
representing the DM content of the universe, between values of 0.11 and 0.43. The
multipoles | correspond to a certain angular size, with the main peak at | ~ 200 cor-
responding to ~ 1° and I ~ 1800 to ~ 0.1°. The figure is taken from [10].

are provided as the lightest particles in several theories, including supersymmetric
particles, Kaluza-Klein particles from theories including extra dimensions and the
lightest particles in Little Higgs models [10]. The WIMPs are expected within a mass
range of 1 — 10° GeV/c?, whereby the typical mass predicted by the supersymmetric
theories is around 100 GeV /c? [10]. The expected interaction cross sections for such
particles range from 10~*'cm? to 10™*¥cm? [11, 12].

A requirement for these particles to count as suitable DM candidates is that they
have to be stable to be able to explain the current amount of DM observed in the
universe.

1.4. Alternative Dark Matter Candidates

Axions

Axions are well-motivated DM candidates, originally introduced to solve the strong
CP problem [13, 14]. The mass of axions is well constrained by various experimental
and astrophysical observations. Masses above 50keV are ruled out by beam dump
experiments, as no observations were made in this field. This value is further lowered
by astrophysics based on observations of red dwarves and supernovas. Axions would
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1. Dark Matter Introduction

provide an efficient way for a star to lose energy as they could leave the star unhindered
from anywhere inside the star while photons can only be emitted from the surface.
Therefore axions would shorten the expected lifespan of stars. Similarly, light axions
would provide an alternative to neutrinos as an energy loss mechanism in case of
a supernova. As the number of neutrinos observed in various experiments during
supernova SN1987a followed the theoretical expectations, this further limits the mass
range for axions and places an upper limit in the order of 1073 eV [15].

Axion like particle (ALP) arise from similar symmetry breakings in various other
theories and as such they have similar properties but are not as confined in their mass
range as the axion and also allow for masses in the keV-range. The axion mass is well
below the detection threshold of detectors like for instance XENONIT /XENONnT,
ALPs, however, are massive enough, but have not been observed so far.

Sterile Neutrinos

Sterile neutrinos are theoretically well-motivated hypothetical particles that interact
solely via gravity. They are introduced to understand the low mass of the three active
neutrinos (e, p, 7) and are mixed with all three active neutrino states. As the sterile
neutrino disappears/appears every time an active neutrino interacts (absorbed/cre-
ated), it has to be unstable. To be a valid DM candidate it has to have an adequate
lifetime, at best in the order of the age of the universe. DM containing sterile neu-
trinos are expected to be not completely dark and emissions in the X-ray regime are
expected. Observations of dwarf spheroidals have not yet yielded a result and as such
provide a lower bound for the sterile neutrino mass in the order of keV [15].

1.5. Alternative theories

There are several attempts to explain the observed effects without adding a hidden
mass in the form of DM. In the following, the most prominent theories are mentioned,
but this list is far from complete.

MACHOS

Before the era of precision cosmology, the observed effects were tried to be explained
with objects made of normal, baryonic matter. These objects were deemed to be hard
to observe due to lack of illumination or emission of light. As such these objects consist
of brown dwarfs (failed stars), rogue planets, ejected from their solar systems, and
black holes without an accretion disc. These objects are collectively called Massive
Compact Halo Objects (MACHOs) [16]. Utilizing microlensing, it was found, that the
amount of observed objects is insufficient to account for the amount of dark matter
needed [17]. Primordial Black Hole (PBH) are formed in the very early stages of
development of the universe before the Big Bang nucleosynthesis. Therefore they do
not account for the 5% contribution of baryonic matter derived from the CMB [10].
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1.6. Dark Matter detection

Observations of gravitational waves, emanated from mergers of PBHs with masses of
20-30 Mg, revealed that PBHs only contribute about 1% of the DM [18].

MOND and TeVeS

In 1983, Mordehai Milgrom presented an idea to avoid introducing DM by modifying
the long-range behavior of gravity, called Modified Newtonian dynamics (MOND).
More precisely he introduced a constant ag with the dimension of acceleration and
a numerical value of approximately 2 - 107®m s~2. For objects experiencing a grav-
itational acceleration a > ag, the classical Newtonian dynamic is reproduced. For
a in the order of ag or smaller, the modified dynamics deviates from the classic by
having a much weaker drop-off of the gravitational force compared to the Newtonian
dynamic: MOND predicts a drop-off proportional to the inverse of the distance, while
Newton predicts a reduction by the inverse of the square of the distance [19].

MOND was initially developed to explain the flat velocity distribution at the outer
regions of spiral galaxies. It also explains well other observations, one, for example,
is the Tully-Fisher relation between the luminosity of a spiral galaxy and its rotation
velocity [20].

It however struggles to provide a proper explanation for other observations, in-
cluding the shape of the CMB power-spectrum or the effect of gravitational lensing
observed in galaxy clusters.

A summary of which observations can be explained with MOND and which are not
can be found in [21].

The tensor-vector-scalar (TeVeS) gravity is an attempt of a relativistic generaliza-
tion of MOND. Although with TeVeS the power spectrum of the microwave back-
ground can be modeled, it still cannot explain the effects of weak lensing when it
comes to (irregular) galaxy clusters. It was possible to model galaxy clusters without
the use of DM, but still a collisionless particle was needed. Therefore a large abun-
dance of neutrinos had to be introduced, with an assumed neutrino mass in the order
of 2eV, which in the meanwhile was excluded by the KATRIN experiment [15, 22].

1.6. Dark Matter detection

Besides the observations that hint at the existence of DM, there are three more ap-
proaches to detect DM. One is the production of DM in accelerators such as the
Large Hadron Collider, where it can be indirectly detected via the missing transverse
momentum of the DM particle [23]. The second approach tries to identify the decay
products that follow an annihilation process of DM particles into SM-particles like
e"et and PP matter-antimatter pairs, as well as y-rays and neutrinos. As the charged
particles can be deflected by interstellar magnetic fields and as a result lose the direc-
tional information, the search is focused on the y-rays and neutrinos. The search with
~v-ray telescopes like HESS and MAGIC, or neutrino observatories like IceCube and
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1. Dark Matter Introduction

Super-Kamiokande, is focused on regions of space where an increased density of DM
particles is expected, e.g. the galactic center or spheroidal dwarf galaxies |24, 25].

The third approach tries to directly detect DM particles via interaction with bary-
onic matter. As DM carries no electric charge, it will not interact with the shell
electrons of atoms but will scatter off elastically from its nucleus via a weak interac-
tion.

A measured signal strongly depends on the distribution of DM particles in the
galaxy, as well as their kinematics. These properties can be derived from astrophysical
observations. DM can assumed to be a collisionless gas, forming an isotropic halo
around the galaxy with its particles bound by gravity. The density profile can be
calculated to be:

2

plr) = 2w Gr?

The r~2-dependence in Eq.1.2 also explains the velocity distribution observed in

galactic rotation curves. To be able to compare the measurement results of different

experiments, usually a common value for the DM density po—0.3 GeV ¢=2 cm ™ is used,
albeit newer measurements suggests a value of py=0.46"00% GeV ¢c~2 cm =3 [10, 26].

The velocity of the particles in this isotropic halo are assumed to follow a Maxwellian
distribution [10]:

(1.2)

F(#) = N - exp (—Qig;) (1.3)

Formally, the velocities in the distribution can reach infinite values. In reality, there
is a threshold velocity where the particles are no longer bound by the gravitational
field. For the Milky Way galaxy this velocity is found to be v.,. ~544kms~!, based
on measurements of the fastest observed stars [27].

o(R) is the velocity distribution around a mean velocity vy, at a certain distance R
from the center of the galaxy. For the position of earth at a distance of approximately
8 kpc from the center, this results in a radial velocity vy, =220 kms~!. The significantly
larger value of the escape velocity v.s. when compared to the orbital velocity of the
Sun suggests a large amount of mass outside the solar orbit which agrees with the
assumption of a DM halo.

In the case of an interaction between a WIMP and a nucleus, the energy is trans-
ferred via elastic scattering. From kinematics one can derive the nuclear recoil (NR)
energy Er transferred to the target nucleus:

2,2
Er = a X (1 — cos ) (1.4)
my

MmN
mx+mN
mass of the nucleus) and 6y the recoil angle.

where p = is the reduced mass (with m, is the WIMP mass and my the
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1.6. Dark Matter detection

From this the minimal velocity v,,;, necessary for a recoil energy Er can be calcu-
lated:

ERmN
242

(1.5)

Umin =

The expected interaction rate of WIMPs scatter of target nuclei is given by:

dR M pg [V do
== .50 2 d 1.
dEnr my MMy / Uf(U) dER Y ( 6)

where M is the total target (detector) mass, pg the local DM density of 0.3 GeV ¢™2 cm ™
(see Eq.1.2), and f(v) the velocity distribution (see Eq.1.3). Based on Eq.1.7 the
event rates for different detector materials can be calculated. The result for some
example materials are shown in Fig. 1.4.

Another effect that needs to be considered is the size and the substructure of the
target nucleus. For small momentum transfers of a WIMP interaction, the deBroglie
wavelength can be calculated to be in the order of pm. This is much larger than
the diameter of even heavy target nuclei like, for example, xenon, which can be ap-
proximated with d ~ (2.5 fm)AY?, where A is the atomic number. In this case, the
internal structure of the nucleus is not resolved and the WIMP scatters coherently of
the nucleus.

With an increasing momentum transfer, the deBroglie wavelength decreases until
parts of the nucleus are resolved, and as such the coherence is lost. To account for
this the form factors of the nucleus have to be taken into account. The (recoil-)energy
and velocity dependent WIMP-nucleus cross section is then given by:

Umin

do my
dE,,  2v2u?

where og; and op; are the basic cross-sections for spin-independent (SI) and spin-
dependent (SD) interactions and F3; and F3,; are the corresponding form factors to
account for the structure of the nucleus [28]. This is also especially relevant for heavy
and large nuclei. The SI cross section is given by:

(0srFsr(Enr) + ospFsp(Enr)) (1.7)

2

o5 = L7 fy b (A= 2) - S o A7 (18)

where 1 is the reduced mass of the WIMP-nucleus system and f, and f,, are the
WIMP-proton and WIMP-neutron coupling factors [28|. If the SI is fundamentally
at the quark/gluon level, protons and neutrons might be similar and f, ~ f, can be
assumed. Therefore the cross-section scales with A2, indicating that with the use of
heavier target nuclei as a detection medium, the interaction rates can be expected
to be higher. This however comes at the cost of a higher detection threshold, as the

expected recoil energy is also smaller for heavier nuclei, see Fig. 1.4.
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Figure 1.4.: Event rates for different detector materials in events per kg per year in
dependence of the energy. Xenon achieves the highest rates for low energy interactions.
Figure taken from [29].

In case of a SD interaction, where the WIMP couples to unpaired nuclear spins,
the cross section is given by:

32GEu* J +1
J
where J is the nuclear angular momentum, a,/a,, the proton/neutron couplings, and
(Sp)/(Sn) the expectation values of the resulting proton/neutron spins, respectively
[28]. This can lead to very different cross-sections of nuclei with different compositions
of protons and neutrons, but similar atomic numbers, compared to the simple relation
of a SI interaction given in Eq. 1.8.

No WIMPs have been detected so far, so current experiments can only exclude cer-
tain parameter ranges. These are based on a fixed DM density and the measurement
time of the experiment. XENONIT for instance can exclude ST WIMP-nucleon cross-
sections larger o,, > 4-107%" cm? for particles with a mass of approximately 30 GeV /c?
[30]. Generally DM search results are presented in exclusion plots, which show the
lowest sensitivity limit of an experiment. An example including the exclusion limits
from various experiments is given in Fig. 1.5.

[ap(Sp) + an(Sn))* (1.9)

0sp =
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Figure 1.5.: Fzxclusion limits for spin-independent nuclear recoils achieved for multiple
experiments. The results are scaled to a local DM density of 0.3 GeV/c*. The solid
lines are exclusion limits, the dashed line for XENONnT s a projection for the ex-
pected sensitivity for a 20ty exposure. Plot created with [31] v5.18.

Direct detection experiments can be realized with various methods, utilizing a va-
riety of detection materials. Possible detection channels are shown in Fig. 1.6. These
include light detection of scintillation light, ionization, and heat. Depending on the
detector type, one or two of these three detection channels are used for particle de-

tection.

1.7. Experimental realisation of Dark Matter
searches

This chapter gives an overview of the most facilitated experimental setups used in the
hunt for DM, but it should not be considered a complete list. A more thorough list
with more detailed explanations for the various experiments is given in [24].

Direct detection experiments can be realized with various methods, utilizing a va-
riety of detection materials. Possible detection channels are shown in Fig. 1.6. These
include the detection of scintillation light, ionization, and phonons/heat. Depending
on the detector type, one or two of these three detection channels are used for particle

detection.

25



1. Dark Matter Introduction

CRESST1

Phonons/Heat

CRESST EDELWEISS

CDMS

DAMA/LIBRA
ZEPLIN I Scintillation )< Ionization
Scimuliation XENON CoGeNT
DEAP LUX DRIFT
XMASS
ZEPLIN II + III

Figure 1.6.: Possible detection channels used by various direct DM detection experi-
ments.

Typical detection devices used in DM search are inorganic scintillator crystals made
of thallium doped Nal or Csl. The high density of these materials provides a high
stopping power and therefore detection efficiency. The thallium-doping adds lumi-
nescence centers, increasing the light emission and additionally shifting it to higher
wavelengths, which allows for more efficient detection. This is particularly impor-
tant as only the scintillation signal is acquired from this type of detector [24]. One
experiment facilitating Nal(T1) is the DAMA/LIBRA experiment, which claims an
annual-modulated single-hit detection [32]. Similar experiments like SABRE, COSI-
NUS (both in preparation) [33, 34| and ANAIS-112 are using the same type of highly
pure Nal(T1) crystals, trying to reproduce the findings of DAMA /LIBRA, with first
ANAIS-112 results already being inconsistent with DAMA /LIBRA [35].

Cryogenic bolometers are crystalline detectors that collect the phonon signals caused
by an energy deposition of a collision with a particle and provide excellent energy res-
olution. The crystals, usually made of germanium or silicone, are usually cooled down
to temperatures in the order of 10mK. An energy deposit results in a temperature
rise in the order of K, which can be detected with an attached transition edge sensor,
that is usually operated in the transition between conducting and superconducting
state. In this state a small change in temperature results in a large change in resistiv-
ity, which can easily be measured. This phonon signal is proportional to the deposited
energy. Additionally, the scintillation or charge signal can be collected, allowing also
to discriminate between nuclear and electronic recoil. The germanium /silicon crystal-
based CDMS series of experiments as well as the germaniumcrystal-based CoGeNT
are examples of experiments that utilize this type of detector [24].

Another very important class of DM detector utilizes liquefied noble gases. Typi-
cally these detectors are based on xenon or argon, as they are excellent scintillators.
A particular de-excitation mechanism after an energy deposit, which includes the for-
mation of an excimer state ensures a high transparency of these gases for their own
scintillation light. The light is emitted at wavelength 128 nm and 178 nm for argon and
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1.7. Experimental realisation of Dark Matter searches

xenon respectively. As the argon scintillation wavelength is deep in the UV regime,
so usually wavelength shifting is required for efficient detection, while for xenon sen-
sitive photocathod-materials for PMTs are available. As both elements are used in a
gaseous/liquid state, detectors can relatively easily scaled up to larger volumes/masses
to increase sensitivity, while this is much harder to achieve for semiconductor-based
detectors, as the achievable crystal size is usually limited. These properties also ap-
ply to krypton, but compared to argon and xenon krypton contains several unstable
isotopes which result in a high material-internal background.

Liquid argon is used in the DEAP-series of experiments [36], and more recently the
DarkSide experiments facilitating dual-phase TPCs [37, 38|. Xenon in the liquid and
gaseous phase is used in the dual-phase TPCs of the XENON- and LUX/ZEPLIN
collaborations. More details on the scintillation processes and the working principles
of dual-phase TPCs, focused on the use of xenon, are explained in the following
chapter.
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2. The XENON1T detector

In this chapter, the XENONI1T experiment is presented. It is the largest underground
laboratory and is located in Italy, at the Laboratori Nazionali del Gran Sasso (LNGS)
below the Gran Sasso mountain. The experimental halls are covered by 1400 m of
rocks, providing shielding equivalent to about 3600 m of water [39]. This location
provides sufficient shielding to run low-background experiments. Besides the series
of XENON experiments also other experiments searching for DM are located in the
experimental halls, including Nil(T1) scintillator-based detectors like DAMA /LIBRA
or SABRE and COSINUS, which both try to verify the DAMA /LIBRA results |40,
41, 42]. Contrary to other underground laboratories it was built beside a highway
tunnel and as such can easily be reached by car.

As the name suggests, XENONI1T utilizes the noble gas xenon as a detection
medium. Section 2.1 summarizes its physical properties. Also, the interaction mecha-
nisms which convert the energy deposited in an interaction into a detectable signal are
explained. The Doke plot, which allows the determination of the photon and electron
gain of the detector from different sources, is introduced in section 2.3. Section 2.2 ex-
plains the working principle of the XENONI1T TPC. The PMTs and their properties
are briefly discussed in section 2.4, as it was found that the afterpulses that can occur
after the initial signal play an important role later in the analysis of the 3"Ar data.
Section 2.5 shortly explains the purification system with a focus on the cryogenic
distillation, a critical component in background reduction and in the removal of 37Ar
after calibration. Additional methods and measures to further reduce background
are summarized in 2.6. The following section 2.7 gives a short summary of how the
individual PMT signals are combined into the events later used in the analysis. The
signals combined into events need to be processed further to correct them for spatial
and field effects, which can alter signal position and size. This process is explained in
2.8.

2.1. Xenon as detection medium

Physical properties

The XENONIT detector utilizes liquefied xenon in its natural abundance as the de-
tection medium. Natural xenon consists of 9 different isotopes, of which 7 are stable
and 2 are unstable, but with extremely long half-life times larger than 10%! years. Due
to these properties, xenon is a detector medium with very low intrinsic radioactivity,
making it well suited for the use in a low event-rate detector. It should be mentioned
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2. The XENONI1T detector

that the presence of different isotopes, and also with different spin configurations,
offer additional measurement channels [43, 44|. This will, however, not be further
followed up in this work. An overview of the isotopic composition is shown in Table
2.1.

Xenon has a relatively high boiling temperature compared to other noble gases. At
a pressure of one standard atmosphere, xenon is liquid in a very narrow temperature
window between 162 K and 165 K. Xenon liquefaction, however, can be achieved much
easier than, for instance, argon, which is operated in detectors with a similar purpose,
but requires cooling to much deeper temperatures. A phase diagram of xenon can be
found in Fig. B.1 in the appendix on page 193.

] Isotope \ Abundance \ T/ ‘
124X e 0.09% 1.8-10%%y
126X e 0.09% stable
128X e 1.92% stable
129X e 26.44 % stable
130X e 4.08% stable
131Xe 21.18% stable
132X e 26.89 % stable
134X e 10.44 % stable
136X e 8.87% 2.165 - 10%y

Table 2.1.: Composition of natural xenon as it is used in the XENONIT experiment

[45]

Interaction properties

In the case of an interaction, energy is deposited in the liquid xenon, leading to the
excitation or ionization of xenon atoms at the interaction site. Some energy is also
lost in the form of heat to secondary recoils and so-called sub-excitation electrons.
The energy is considered lost as these effects can not be detected with a TPC, the
type of detector this work focuses on.

The relaxation/recombination of the excited/ionized atoms does not happen di-
rectly from atomic xenon. Instead, the excited atoms form so-called excimers (short
for excited dimers), excited pseudo molecules, with nearby neutral atoms. These
excimers then decay back into 2 neutral xenon atoms under the emission of a photon:

Xe*+ Xe+ Xe — Xej + Xe
Xey — 2Xe+ hv
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2.1. Xenon as detection medium

In the case of ionization, a charged excimer is formed, recapturing an electron into
a higher excited state. In the first de-excitation process, heat is emitted. Thereafter
it follows the same process chain as in the excited case:

XetXe — Xej
Xetew — Xe™ + Xe
Xe™ — Xe* + heat
Xe*+ Xe+ Xe — Xej + Xe
Xey — 2Xe+ hv

The photons emitted from the excimers are in the VUV regime at a wavelength of
177.6 nm. The fact that the photon is emitted from an excited state of the excimer
and not from the atomic shell is essential, as this intermediate step is the reason for
the high transparency of xenon for its own scintillation light.

The light curve from this excimer de-excitation is composed of two different com-
ponents. A fast component from the decay of an excited singlet state and a slow one
from an excited triplet state of the excimer, with decay times of around 4 ns and 22 ns,
respectively. These two components are present for interactions with for instance an
a-particle, while a relativistic electron only has one decay time component, which is
around 451ns (see also Fig. B.2 in the appendix on page 194). In theory, this allows
particle discrimination via pulse shape analysis, it is however hard to realize for xenon
due to the very short decay times [45].

The distribution of the energy between the three mentioned channels is primarily
dependent on the incident particle [46]. The incident energy Ej is distributed between
the different channels, which can be described with the Platzman equation [47, 48]:

EO = NzEz + Nea:Eex + Neé (21)

The energy is distributed between N; ionized atoms with an average energy deposit
of E;, N, excited atoms with an average energy deposit of E., and N, sub-excitations
electrons (electrons which fail to produce S1 signals), which cannot be detected.

The number of photons gained from an interaction is given by:

Npp = New + 7+ N; (2.2)

while the number of freed electrons is given by:

N,=(1—7)-N, (2.3)

With r being the recombination probability for the ionized atoms. In case of no
recombination, the mean energy needed to create an electron-ion pair is given by:

E
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2. The XENONI1T detector

In case of full recombination the mean energy to create a photon is given by:

E
Wop = ———— 2.
PP N + Neg (2:5)
With Eq. 2.4, this can also expressed as:
%%
W, = ——% 2.6
"1+ N, /N, (2:6)

Wop, in the following only W, is the working function that represents the mean
energy to create either a photon or to free an electron. When measured, this value
also incorporates the energy lost to sub-excitations and heat, which are still present
in Eq. 2.1. Therefore the measured value for W is generally larger than the actual
mean energy needed to create an excited stated or ion-pair, as defined in Eq. 2.6. The
conventional value of the work function is W = 13.7 £ 0.2 eV [46]. This value is gen-
erally used in the publications of the XENON collaboration as well as in other liquid
xenon TPC based experiments like PandaX-4T and LZ [49, 50|. Newer measurements
found a lower value at W = 11.5103 eV [51, 52]. To keep the results comparable with
XENON publications, W = 13.7eV is used in this work.

The total number of quanta generated is N, = N, + N;. The Platzman equation
can be rewritten as:

1

The factor L € [0, 1] is a quenching factor which depends on the type of the incoming
particle, which in turn defines the interaction type. Incoming photons can interact
via photoeffect, Compton scattering, or pair production (depending on the energy of
the incoming photon). These interactions happen with the electrons in the xenon
electron shell and therefore are called electronic recoil (ER). The same accounts for
interacting electrons (from a f-decay, for example). If the incoming particle interacts
with the nucleus instead, which is the case, for example, for neutrons, the interaction
is called a NR. For dark matter candidates WIMPs are expected to be detected in
the NR channel, while axions are expected to interact via ER.

A NR is usually accompanied by a lot of secondary interaction between neighboring
atoms in the liquid. These are, however, so low in energy that they cannot be detected
and as such, similar to the heat channel, this energy is lost for the measurement.
Therefore, for a NR, the energy measured is significantly lower than for an equal ER
deposit, which is described by the Lindhard effect and incorporated into the quenching
factor L [47, 53]. In the case of an ER this factor can be considered to be L = 1.

When an electric field is applied, the freed electrons from ionization are drawn away
from the interaction sites and can be measured separately, but at the cost of reducing
the number of recombination photons.
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2.1. Xenon as detection medium

This effect, called scintillation quenching [45], is described by a change in the re-
combination probability  (used in equations 2.2 and 2.3) as follows:

In(1+ N;§)
Ni§

r can be calculated using the Thomas-Imel box model, which assumes an uniform
distribution of electron-ion pairs in a certain volume (the 'box’) alongside the inter-
action track, and that they are isolated from each other (assuming the range of the
Coulomb force between the electron and ion is smaller than their spacing) [54]. The
field dependent parameter £ can be written as a power law:

r=1-— (2.8)

£ =€, (2.9)

where v and 0 are empirical parameters [55].

Besides the field, the linear energy transfer (LET) influences the ratio between
produced photons and electron-ion pairs. The LET is equivalent to the stopping
power and is effectively the loss of energy per unit length d E'/d x. Particles undergoing
a NR like neutrons or WIMPs leave a track with a higher ionization density, e.g., a
higher LET, than electrons or photons interacting via an ER. Intuitively the ionization
density affects also the recombination probability, as a higher density increases the
probability of recombination of electron ion pairs. This directly opens a discrimination
channel, as for a NR signal a smaller charge signal is to be expected than for an ER
interaction of the same energy.

The LET is expected to increase with decreasing energy of the incident particle, for
instance, for electrons below 1 MeV [56]. Therefore an increase of the photon yield is
expected for decreasing particle energies. Instead, for xenon it is observed, that the
photon yield becomes independent for energies below O(100keV) or even decreases
for energies below O(10keV). This is shown in Fig. 2.1 for different applied drift fields
and NR and ER interactions.

Fig. 2.1 also shows the charge yields, the number of electrons created. The total
number of quanta N, = N, + N, is only dependent on the energy deposit of the
incident particle, the type of interaction [ER, NR], and the mean energy W. As this
total number of quanta needs to be constant, but the ratio of created photons and
electrons is field-dependent, the photon and charge yield are highly anti-correlated.
Therefore an increase of field strength to enhance the charge signal would decrease
the light signal and vice versa.
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Figure 2.1.: Charge and light yields in zenon in dependence on the interaction enerqgy
for nuclear and electronic recoils in the top and bottom plot, respectively. The different
colors show the behaviours for different applied drift fields. The red line shows the
yields at a field of 80V /cm, which represents the field applied in XENONIT data
used for this work. The yields were obtained using Nestpy version 2.0.0.
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2.2. Working principle of the XENON1T TPC

The XENONIT detector is a so-called dual phase liquid xenon (LXe) TPC. The dual-
phase designation refers to the fact that the detection medium xenon is present in its
liquid and gaseous state. As shown in Fig. 2.2, the detector has a cylindrical shape
with a diameter of 96 cm and a height of 97 cm. Two arrays of PMTs, facing the lower
and upper end of the cylinder, are used for light detection.

D |:| D |:| DDD Top PMT array

Top screening mesh
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@000
i elelolele
3 000000
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Figure 2.2.: The working principle of a time projection chamber is shown on the
left. An incoming particle interacts with the zenon and creates excited and/or ionized
atoms. Recombination of electrons with ions and relaxation of excited states creates
the prompt scintillation signal S1. Part of the freed electrons are drifted by the applied
drift field to the gate and subsequently extracted into the gas phase by the applied ex-
traction field, creating the secondary scintillation signal S2. The z-component of the
interaction point can be derived from the time difference between the S1 and S2 signals
(drift time of the electrons). The right scheme shows a simplified example pattern on
a PMT array which can be used to extract the x-y-position of the interaction to achieve
full 3D-position reconstruction.

In total 248 PMTs in two arrays are used for signal readout. The PMT-array at the
top is instrumented with 127 PMTs, the one at the bottom with 121 [39, 57]. At the
bottom of the detector and with a distance of 5 mm to each other just below and above
the liquid-gas interface three meshes are used to apply an electrical field throughout
the detector. The drift field with a strength of 82 V /cm is applied between the cathode
mesh at the bottom of the TPC and the gate mesh just below the liquid-gas interface.
Above, between the gate mesh and the anode mesh, an even higher voltage is applied
to create the extraction field with a field strength of 8.1kV /cm [58]. Additional meshes
are placed in front of both PMT arrays, acting as shielding to protect the photo
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2. The XENONI1T detector

sensors. Between the gate and anode mesh, the sensitive volume of the detector is
surrounded by copper rings, forming a field cage to ensure a homogeneous drift field.
To increase the light collection efficiency, all surfaces not equipped with light sensors
are covered with PTFE (polytetrafluoroethylene, Teflon™), which features a very high
reflectivity in the VUV wavelength regime.

The detection process of an interaction is sketched in Fig. 2.2, based on the inter-
action properties of xenon described in Section2.1. After an energy deposit, recom-
bination and relaxation of the xenon leads to the emission of a prompt scintillation
signal, called S1. Due to the applied drift field, freed electrons are drifted upwards,
where they are extracted into the gas field and accelerated by the extraction field.
The energy gained by the extraction field allows every electron to excite a certain
number of xenon atoms in the gas phase, leading to a direct proportionality between
the number of extracted electrons and produced photons. These photons are detected
as the secondary scintillation signal S2.

The S2 signal creates a light pattern on the top PMT array which allows for a
position reconstruction in the x-y-plane. Additionally, the drift velocity in xenon is
known for the applied drift field. With this velocity and the time difference measured
between the S1 and the S2 signals, the depth of the interaction can be calculated.
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Figure 2.3.: Separation of ER (blue) and NR (orange) events due to different S1-S2
ratios, shown on data from XENONnT. The separation gets stronger for a stronger
applied drift field. Also the 3" Ar data (black) from the first calibration in XENONnT
is shown, being in the ER-band as expected. Figure taken from [59].
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Doke plot

This allows a completed 3D reconstruction of the position where the interaction took
place. This powerful advantage of the TPC type of detector helps in background
reduction, as it is explained later in Section 2.8.

Another powerful feature of the TPC is the power to distinguish between interaction
types. As explained previously in section 2.1, the different interaction types, ER and
NR produce signals with a different S1-S2 ratio for a given field. Fig.2.3 shows the
different S1-S2 ratios for the different interaction types, allowing the discrimination
between ER and NR.

Neutrons, since electrically neutral, also interact with the nucleus producing a NR
signature, similar to the one expected from a WIMP. A part of their interactions can
be filtered by identifying multi-scatter events, as this can occur for neutrons, but this
is most unlikely for WIMPs due to their expected low interaction cross-section.

2.3. Determination of detector specific photon and
electron gain factors utilizing the Doke plot

As explained in 2.1, the interaction energy of an incoming particle with the xenon is
distributed between scintillation photons n,, and ionization electrons n., depending
on the applied drift field. For the XENONI1T detector, a linear response in energy is
expected. This is given by the detector-specific photon and electron gains g; and gs,
respectively. The detector signals are designated as S1 and S2 for the light and charge
signal, respectively. The relation between the number of photons/electrons and the
detector signals S1/S2 is then given by:

(2.10)

E:W.(Nph+Ne):W.(CS_1+CS_2)

g1 92
The ’¢’ in front of the detector signals S1/S2 indicate that the signals are already
corrected for certain effects induced by the detector. This is discussed in more detail

in Section 2.8.
With the expressions for light and charge yield, L, and @,:

cS1
and
cS2
Qy=—F (2.12)
equation 2.10 can be rewritten as:
92 g2
—(-Z.L +Z=). 2.13
Q= (-2 1,+2) 2.13)
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Figure 2.4.: Schematic of a so-called Doke plot. The charge yield is plotted versus the
light yield. Due to the anti-correlation between the two parameters, a negative slope
1s expected. In the case of XENONIT, a linear relation is expected for sources with
different line energies (at the same field). The solid and the dashed line show the
same light and charge yield values, but scaled with a different value for W, which can
also be determined with this plot. Figure taken from [51].

In the so-called Doke plot, the charge yields (), are plotted against the light yields
L,,. From this plot, the detector-dependent gain properties gl and g2 can be obtained
as shown in Fig. 2.4. This can be achieved in two ways: the same source can be used
at different field settings or various sources with different line energies can be used at
the same field. This type of plot can also be used to extract the value of the working
function W, as it is done in [51].

In the analysis, additionally to the designated calibration sources, even some sources
that are designated as background in DM search are used. This allows for a wider
energy range to be probed and thus for a wider energy range in which linearity can
be verified.
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2.4. Photo multiplier tube properties

2.4. Photo multiplier tube properties

The light signals in the TPC are detected using 248 PMTs distributed in two arrays
at the top and at the bottom of the TPC. XENONI1T used circular R11410-21 PMTs
from Hamamatsu with a diameter of 3 inches. These PMTs are of the so-called
head-on type: the entry quartz window is followed by the photocathode, the dynode
arrangement, and the anode, which collects the electrons. A scheme of a typical
PMT is shown in Fig.2.5. PMTs of the same type are also operated in similar other
experiments using liquid and gaseous xenon, including PandaX [50] and NEXT [60].
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Figure 2.5.: Schematic of a PMT, showing the working principle. The supply voltage
is applied between the photocathode and anode. A wvoltage divider chain supplies inter-
mediate voltage steps to the dynodes. If a photon hits the photocathode, photoelectrons
are emitted and accelerated towards the first dynode. There secondary electrons are
produced which are accelerated towards the next dynode, producing even more elec-
trons and so on. In the last step the electron cloud is collected by the anode, and the
voltage drop over the resistor Ry can be read out as a signal. The gain of the PMT is
given by the total electron multiplication factor between the photocathode and anode.
Depending on requirements, they can be operated with positive or negative HV.

The R11410 PMTs are specifically designed for low-background applications as the
search for DM. Besides a high radio purity, a high quantum efficiency (QE) at the
xenon scintillation wavelength of 178 nm, and a stable operation at liquid xenon tem-
peratures are required. All PMTs used in XENONI1T were tested and characterized
thoroughly before they were used in the experiment [61]. In these tests the most
important quantities to evaluate PMT performance like QE, gain, dark count rate,
and afterpulse rate are determined.
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2. The XENONI1T detector

In the analysis later presented, it was found that the PMT afterpulses (APs) have
a significant impact on the analysis of the 37 Ar events and therefore on all low energy
events in general. APs occur when residual gas atoms in the vacuum are hit by
electrons that drift from the photocathode to the first dynode. When they are ionized
they drift towards the photocathode where they can produce secondary electrons
creating a second signal after the initial one. The time difference between the primary
signal and AP even allows identification of the contaminations. These contaminants
primarily originate from tiny leaks, allowing the surrounding gases, in our case xenon,
to slowly leak into the vacuum of the PMT. This was also analyzed in more detail in
[61], resulting in Fig. 2.6, which shows the AP timings for different contaminants in a
PMT after operation in liquid xenon.
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Figure 2.6.. Afterpulse timing for different contaminants in the tested PMT. These
contaminants can enter the PMT through tiny leaks and therefore depend highly on the
environment the PMT is operated in. As expected for the PMTs used in XENONIT,
xenon is responsible for a significant amount of the recorded afterpulses. The figure is
taken from [61].

2.5. Gas recirculation and purification system

General overview

The operation of the XENONI1T detector requires a complex infrastructure to keep
stable temperature and purity levels. The system used in the XENON1T experiment,
the gas recirculation and purification system, is housed in a 3-story building next to
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the detector. Fig.2.7 shows a (very) simplified schematic with the most important
components of the system.

When the detector is not in operation the xenon is stored in ReStoX (short for
Recovery and Storage of Xenon). It is a spherical storage facility, using liquid nitro-
gen to cool down, condense, and freeze xenon. It is capable to store up to 7.6 tons of
xenon at room temperature at a pressure of 72bar [62|. The storage capability was
slightly too low for the next phase of the XENON experiments, XENONnT, which
contains in total about 8 tons of xenon. Therefore a second storage device ReStoX II
was added to the system.

The source box contains the intrinsic calibration sources used in XENONIT. It
contains the 83"Kr and the 2°Rn source used in the calibration of the XENON1T-
TPC. The 3"Ar calibration hardware needed will also be connected in this place to
the recirculation system. This is described in more detail in chapter 3.3.2.

Dest. Column

Cooling

Getter

. al @ Calibration ‘
Source Box

g

ReStoX I ]

Figure 2.7.: Very simplified schematic of the XENONIT gas system showing the most
important subsystems and the interconnections. The most important components for
this work, besides the TPC, are the calibration source box, where the 37 Ar will be added
to the system, and the distillation column, which is needed to remove the 3" Ar after
the calibration.

Krypton distillation column

One subsystem is of particular interest for this work: the krypton distillation column,
initially designed to remove the long-living, background-producing isotope 8Kr. The
distillation column takes advantage of different vapor pressures of the components of
a mixture to separate them.

Simplified, the column consists of a condenser at the top to liquefy the gas mixture
and a boiler at the bottom to evaporate it. The more volatile components are enriched
in the gas phase at the top of the column, while the less volatile are accumulated in
the liquid phase at the bottom. In XENONI1T, the column is operated at liquid xenon
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2. The XENONI1T detector

temperatures, with the different parts of the column ranging in temperature between
-92.5°C and -97.7°C at pressures between 2.6 bar and 1.9 bar, respectively.

The polluted xenon gas is injected in between the condenser and re-boiler, the clean
xenon is taken at the bottom from the liquid, while the contaminants (with higher
volatility) are enriched in the gas phase at the top. The pollution-enriched gas, called
the off-gas, is then taken from the top and removed from the system. The system
is designed in a way, that only about 1% of the input is lost as off-gas, which is
recuperated as Kr-enriched Xe-gas in a bottle.

A measure of the effectiveness of depletion/enrichment in the gas phase is given by
the relative volatility o, derived from Raoult’s law:

P, contaminant
_— 2.14
P (2.14)

Table 2.2 provides the vapor pressures of relevant noble gases and their relative
volatilities with respect to xenon. The column has proven to effectively remove **Kr
from the xenon. As the relative volatility of argon is even higher, it was expected
to be removed with even higher efficiency. This was tested in the first calibration of
XENONIT with 37Ar at the end of XENONIT operation. The analysis of the 3"Ar
distillation is shown in Chapters 3.4.4 and 4.2.

The information summarized in this section is presented in greater detail in |63, 64,
65].

o =

Noble Gas | Vapour pressure | Relative volatility o
[bar]

Argon ~100 ~50

Krypton 20.9 10.4

Xenon 2.0 1

Radon 0.2 0.1

Table 2.2.: Table of relevant noble gases, their vapour pressures and the resulting
relative volatilities (with respect to xenon, at a temperature of -98°C). Values taken

from [63].

2.6. Detector shielding and background reduction

XENONIT is a low background experiment. Due to the low expected cross section of
a WIMP-nucleon interaction, the expected number of events for the detector is in the
O(1) evt/kg/year. In order to be able to distinguish these events from backgrounds,
the latter must be reduced as much as possible. One major background contribution
comes from cosmic radiation. This component is mainly shielded by placing the
XENONIT detector underground at the LNGS, below 1400m of rock. However,
muons created by cosmic ray interactions with the atmosphere can reach these depths
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at a still considerable flux of (3.3140.03)-107* (m?s)~* [39]. These events are removed
by using an active veto system. It consists of a cylindrical tank, 10m in diameter
and 10 m in height, filled with ultrapure water. On the inside, it is equipped with 84
PMTs and a highly reflective foil on the walls. A passing muon will interact with the
water by emission of Cherenkov light which will be detected by the PMTs. In case of
a signal in the TPC and a coincident signal in the active muon veto, the event will
be discarded as background.

Besides the cosmic radiation, the radioactivity of the rock surrounding the detector
and intrinsic to the construction materials of the detectors must be taken into account.
Due to the high atomic number, xenon has a high self-shielding for y-rays. This results
in a high y-ray induced event rate on the outer regions of the detector, while the core
of the detector is very quiet. This feature can be exploited by the 3D-reconstruction
capability of the TPC: It allows for a fiducialisation of the detector volume, the
definition of a virtual inner detector used for scientific data gathering, while surface
events can be rejected as background. This selection is done on the software analysis
level.

Additionally, the detector’s ability to distinguish between different interaction types
allows discrimination between nuclear and electronic recoils.

Further reduction of background and unwanted events is done on the level of data
analysis. After the event building data cuts are applied. They allow for data selection
to take signal properties like pulse width into account.

2.7. Data acquisistion: event building

The fundamental signal, recorded by a single PMT and afterwards digitized, is called
a pulse. A pulse consists of roughly 100 samples and covers a time window of ~ 1 us.
Pulses are recorded whenever an amplitude threshold is exceeded. As this is done
on an individual channel/PMT basis, each channel is ’self-triggering’ and no global,
all-channel controlling trigger signal is needed. All pulse information is stored in a
MongoDB database [66].

The higher tiers of analysis are performed on events. Events consist of grouped
pulses and are created on a single computer, called the event-builder, which reads all
the pulse data from the MongoDB. Here the pulses are combined into signals or peaks
and also the signal/peak type is determined. The signal type is dependent on the
grouping and distribution of pulses in time. A tight time coincidence window of the
pulse-time (time-stamp of the recorded pulses, usually the start time) of 100 ns is used
to identify S1 signals. Additionally, to reduce the impact by noisy PMTs, a 3-fold
coincidence is required for a signal to be identified as S1. S2 signals are generally
much larger, such that pulses within 1 us are grouped into a S2.
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Figure 2.8.: Working principle of the event builder. Pulses are combined into signals:
signals classified as S1 are marked with green, signals classified as S2 are marked in
blue, and lone hits in red. Signals reaching a certain amount of contributing pulses
can generate trigger signals (S1: more than 50 contributing pulses; S2: more than 60
contributing pulses), which are used to build an event.

A schematic of how pulses are merged into signals and how events are created from
signals is shown in Fig.2.8. Events are usually triggered (defining an event time
stamp) by an S2, it is however also possible to trigger on an S1. These trigger signals
are dependent on the amount of pulses contributing to a signal. For an S1 trigger at
least 50 pulses have to contribute, for an S2 trigger at least 60. Finally an event is
built by grouping all signals that are recorded within a 1 ms time window before and
after the trigger signal. This basic time window length is chosen to cover the complete
electron drift-time range of XENONI1T, which is about 750 us long. Overlapping time
windows of different trigger signals are combined into a single event. As a result,
longer events with a duration of up to 10ms are possible. This allows for a more
detailed data selection in the higher analysis steps later.

More detailed information about the XENON1T DAQ system can be found in [66].

2.8. Signal corrections

The raw data needs to be corrected for diverse detector effects. Both the S1 and
S2 signal are strongly affected by spatial effects, but also by properties of the used
PMTs. The S1 is mainly influenced by the light collection efficiency (LCE) €1 of
the detector. This correction factor measures the relative variations of the LCE
throughout the TPC. It is estimated using %™Kr , which is assumed to distribute
homogeneously throughout the TPC. Therefore the measured variations in the spatial
event distribution can directly be used to create a 3D spatial map of correction values.

The PMTs performance also significantly affect the signals. The important param-
eters to describe the PMT performance are the quantum efficiency egg and collection
efficiency ecp. €gg is the efficiency that one incident photon creates an electron on the
photocathode, ecg is the efficiency that this electron is collected by the first dynode
in the PMT and thus starts the detection process. Additionally, there is also a chance
that two photoelectrons are created by one photon, which is given as double-photon
emission probability pgp.. This results from the high (= 7eV') energy of the 178 nm
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scintillation photon compared to the work function of the photocathode [67]. For the
S1 signal, these factors combine into the correction parameter:

gi(xuywz) = (1 +pdpe) : eL(x,y,z) *€QE ' €CE (215)

To create the S2 signal, electrons need to be extracted from the liquid to the gas
phase. The efficiency of this process is given by €.,; and is strongly field-dependent.
After extraction the electrons are dragged through the xenon vapor to the anode,
exciting the gas atoms and creating the secondary scintillation signal S2. The ampli-
fication factor GG is field-dependent and as such position-dependent, as small spatial
variations of the field can impact G. This effect is visible in G of the XENON1T 37 Ar
calibration data, as shown in the analysis in chapter 4.11. For the S2 the correction
parameter is given by:

gé('rv y) = Ee:pt(xa y) ’ G(JZ’, y) (216)

The S2 signal needs to be corrected for the electron drift loss. As this process is
similar to an absorption process it can be modeled accordingly by an exponential
attenuation. This is used to correct the S2 signal size based on the drift time of the
electrons, given by the time difference between S1 and S2. The corrected S1 and S2
can then be written as:

g1
cS1 = Sl(z,y, 2) ", 217
( >gi(:ﬁ,y72) 210
where g1 = (g}(z, v, 2)),
cS2 = S2 x,Y,z ez/(TE.Vd% 2.18
(0 2) e ) .

where g2 = (gh(z,y)), T is the electron lifetime and v, is the electron drift velocity
[68]. With these values of ¢S1 and ¢S2 the total energy can be estimated, as shown
in Section 2.3:

c5l 65—2) (2.19)

E-w. (— ¥
g1 92

The S2 signal’s x-y-positions are reconstructed using a neural network that is
trained on simulated S2 hit patterns on the top PMT array. Inhomogeneities in
the drift field due to wall charge-up effects cause a radially inward drift of electrons,
especially of events taking place near the outer edge and at deeper positions of the
TPC. Spatial correction is again estimated using 83™Kr calibration data [30]. Fig.2.9
summarizes the steps from an energy deposit, over the application of corrections,

towards the corrected signals ¢S1 and ¢S2, which are used in the later analysis.
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Figure 2.9.: Sketch summarizing the steps from energy deposit in the detector to the
corrected signals cS1(x, y, z) and cS2(x, y, z). The mean number of produced photons
and electrons can be calculated from Yy, and Y., the photon and electron yield of
xenon for a given enerqy deposit E and applied field €. An estimation of the number
of produced photons and electrons for an interaction and the deposited Energy can also
be computed from the corrected c¢S1 and cS2 as shown in Equations 2.20, 2.21, and
2.19.

¢S1 and ¢S2 can directly be used to estimate the number of photons and electrons
created in the interaction, as well as the deposited energy (see Eq.2.19):

- S1
Ny o= 2= (2.20)
g1
- 2
N, = 2 (2.21)
g2

The effect of this correction is shown in Fig.2.10, showing the difference between
the observed and corrected positions of 3" Ar events, with a correction based on #3™Kr
data.

The field correction is used for position correction only. As it was found during the
analysis of the data collected during 37Ar calibration, the field variation also signifi-
cantly impacts the scintillation process. The field variations introduce an interaction-
energy dependent variation in photon and electron gain, which is shown in more
detail in chapter4.3. Correction for this effect however is difficult to realize, as the
corrections applied in chapter 4.3 are based on simulation data and require knowl-
edge of the interaction energy. This is given for calibration sources, but certainly not
for background/dark matter interactions. For this reason, the data corrections are
consistently based on 8™Kr data.
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Figure 2.10.: Example of the position correction. The top plot shows the uncorrected
data, where no interactions are located in the lower outer edge of the TPC. This is
caused by field inhomogeneities due to wall charge-up effects, which cause the electrons
to drift inwards. This is corrected with the help of correction maps based on ®3™Kr
(and later 3" Ar ) calibration data. The red lines mark the fiducial volume used later
in the analysis.
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3. First 3’Ar Calibration of a Dark
Matter detector - XENON1T

3.1. Introduction

In this chapter a newly introduced, internal calibration source for liquid noble gas de-
tectors is presented: 3"Ar. The properties of 3" Ar, which make this a suitable source
to examine the lower detection threshold of the current state-of-the-art liquid noble
gas TPCs like XENONIT (and XENONNT) are discussed in section 3.2. Section 3.3
describes the production of this new source and its injection system for XENONIT.
The injection of 3"Ar and the calibration process are presented in section3.4. Due
to its half-life, active removal after calibration is necessary, with a preliminary anal-
ysis during the calibration described in section3.4.4 and a more detailed analysis
performed in section 4.2.

3.2. 3"Ar as calibration source

3TAr is a radioactive isotope of the noble gas argon with a half-life of 35.011 days.
It purely decays via electron capture into 3"Cl . The energy difference between the
ground-states of 37Ar and 3"Cl (Q-value) is 813.87keV [69]. This energy is mainly
released in the form of a neutrino when the electron is captured. To fill the gap in
the electron shell caused by the capture, electrons from higher shells descend into
the freed position under the emission of characteristic x-rays or an Auger electron.
The energy of the emitted Auger electron is determined by the binding energy of the
electrons of the newly formed 3Cl atom. The electrons from the innermost shell,
the K-shell, have the highest probability of being captured. For the 37"Ar decay, this
capture has a branching ratio of 90.2%. From the binding energy for this shell of a
37C1 atom, this results in an energy of 2.82keV for the released Auger electron. Also
captures from higher shells are possible, but with much lower probabilities of 8.7 % for
L1-shell captures and 1.1 % for M1-shell captures. These transitions also take place
with an even lower energy emission of 0.27keV and 0.02keV for the L- and M-shell
transitions, respectively |70].
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Figure 3.1.: Decay scheme of 37 Ar into 37 Cl, where the major component of the decay
enerqgy is carried away by a neutrino. The most probable decay with an energy of
2.82kev has a branching ratio of 90.2 % for an electron capture from the K-shell, with
lower energetic transitions happening with a ratio of 8.7% and 1.1 % for L1- and M1-
shell captures, respectively [70].

This places it in the energy region of the lower detection threshold of the XENONI1T
detector. As it emits x-rays/electrons, it is detected via the ER channel of the TPC,
providing a better understanding of the ER background of the detector and thus
might lead to an improved background reduction in the data.

The only source in the same energy range used in XENONIT so far was 22°Rn,
which decays via the emission of S-particles, covering a wide range of energies with a
continuous spectrum. Conversely, 3"Ar offers multiple mono-energetic lines as shown
in Fig. 3.1, which offers complementary calibration options compared to a continuous
energy spectrum.

Similar to ®™Kr, 37Ar is a noble gas and as such can be mixed directly into the
detection medium xenon. This provides a homogeneous distribution throughout the
detector. Exploiting this feature, 3"Ar can also be used, to calibrate the spatial
response of the detector using its line emissions.

The higher shell captures, which happen with much lower probabilities have decay
energies below the detection limit of XENONIT. A simple calculation with a light
yield of L, ~ 1 — 2pe/keV, based on Noble Element Simulation Technique (NEST)
[71], shows that the number of photons expected for an S1 is

S1=L, -E=2pe-0.27keV < 1pe (3.1)

As for an L-shell capture, the expected number of photons in an S1 signal is smaller
than one, we don’t expect to see a signal, especially when taking the light collection
efficiency into account and the requirement of a 3-fold coincidence for the PMTs.
However, due to the amplification of the charge signal the secondary scintillation signal
should still be detectable. This is realized with the so-called S2-only analysis. In this
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specialized analysis only the S2 signals are used, which makes some modifications to
the analysis process necessary. More about this analysis can be found in Chapter4.13.

3.3. Measurement Run Preparations and Setup

This section describes the production of the 3"Ar sources, the dosing system used in
the calibration, and the calibration procedure.

3.3.1. Ampule production and source irradiation

There are multiple ways to produce a 3"Ar source, with the main three being:

e Proton capture on 3"Cl: 3"Cl(p,n)3" Ar
This reaction requires a proton accelerator [69)].

e Neutron capture on *Ca: °Ca(n, )" Ar
For this reaction fast neutrons with energies of 5 to 6 MeV are necessary, which
can be provided by an AmBe-source. After irradiation, the 37Ar needs to be
separated from the “°Ca in a complex procedure. A description of the procedure
and all steps necessary can be found in [69, 72|

e Neutron capture on *Ar: 3Ar(n,v)3"Ar
This reaction can be achieved with thermal neutrons in a nuclear reactor. As
the University of Mainz operates a TRIGA Mark II reactor [69], we decided to
use this reaction to produce the calibration source.

Ampule production and filling

To allow for irradiation with neutrons, a containment material with only limited
neutron interaction and also a very low activation rate has to be chosen. A material
typically used for the irradiation of gas samples is fused quartz. It consists only
of silica (SiOg, plus impurities below the maximum allowed limits set by industry
standards) and thus produces no long-lived isotopes during irradiation. A list of the
isotopes produced during irradiation and their half-lifes are shown in Table 3.1.

Isotope | Half-life
BAL 2,24 min
A1 6,56 min
1S 157,3 min

Table 3.1.: Half-life times of isotopes created during irradiation of a fused quartz am-
pule.

51



3. First 37" Ar Calibration of a Dark Matter detector - XENONI1T

Isotope | Natural Enriched Half-life Decay Daughter
abundance | abundance mode nucleus

36Ay 0.336 % 99.935 % stable - -
STAr - - 35.01d | electron capture 37C1
BAr 0.063 % 0.064 % stable - -
39Ar - - 269 a b~ 39K
0AY 99.6 % 0.001 % stable - -
UAr - - 109.34 min B~ 4K

Table 3.2.: Table of all relevant argon isotopes with natural abundance [73]. The
enriched abundance column gives the values of the enriched argon sample irradiated
in the reactor.

As a further advantage, the material is also easy to clean, making it easy to avoid
impurities in the gas samples, which might later contaminate the detector during
calibration.

The ampules are filled with enriched *°Ar with an enrichment grade of 99.935%. The
exact composition is shown in Table 3.2. Using enriched 3°Ar has multiple advantages.
The contribution of 3¢Ar to the natural abundance is only 0.336%, as is shown in
Table 3.2. By increasing the abundance by about a factor of 300, the production rate
of 3TAr is increased by the same factor. Additionally, the production of *'Ar from
neutron capture on “°Ar present in the natural argon is reduced by a factor ~ 10°.

The 3Ar is stored in a 0.51 gas cylinder containing 50mg of gas, which results in
a filling pressure of only 0.110 mbar (which is further reduced with each successive
filling process). A simple setup was built, using only this low pressure to fill the
ampule. This setup was volume-optimized to reduce the amount of gas wasted after
the filling procedure. The setup, a sketch is shown in Fig. 3.2, includes a pressure
sensor used for measuring the filling pressure of the ampule. For the whole setup, a
volume estimation was done, allowing, together with the pressure, for an estimation
of the amount of gas in the ampule. To further reduce the amount of waste gas (all
gas inside the cross, the sensor, and the valve is lost after a filling), multiple ampules
are filled simultaneously during one procedure.

A blanket for the ampules was prepared with pre-shaped ampules, only connected
with a thin glass tube to allow an easy separation after filling in the argon.

Before filling, all components were cleaned in an ultrasonic bath, afterward cleaned
with isopropyl alcohol, and finally flushed with distilled water. For further cleaning
after mounting the setup was leak tested and pumped down to 10~" mbar for several
days.
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P-Sensor

4 x separation gap
AN BRI
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‘ 99.999% 3°Ar

Figure 3.2.: The system wused to fill the ampules. The system was pumped at the
pumping port. The measured pressure was used to calculate the amount of gas in the
ampules. After filling, the ampules were separated one after another by a glassblower.

For the filling procedure of the ampules the valve to the pump was closed and the
bottle valve opened. The pressure value was noted and used to calculate the amount of
gas in the ampules. After closing the connection to the bottle, a glassblower separated
the single ampules one after another from the pre-shaped glass.

Figure 3.3.: Prepared ampule blanket before filling and separation.

Ampule irradiation

36Ar irradiation took place at the TRIGA reactor situated on the campus of the
University of Mainz. This reactor is a TRIGA Mark II pool-type reactor with a
continuous thermal power output of 100 kW. Additionally, the reactor can also be used
in a pulsed mode with a power output of 250 MW within a 30 ms pulse. However, the
pulsed mode is not needed for the irradiation [74]|. For the irradiation, a position in
the center of the reactor was chosen, making use of the highest possible neutron flux
of 4.2 -102ncem=2s7!. The activity aimed for, also to stay within the agreed limits
with the LNGS, was 100 kBq.
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3.3.2. 3"Ar dosage and injection system

After irradiation, the ampule contains 3" Ar with an activity of approx. 100 kBq. The
amount to be injected in the detector for one calibration is on the order of Bq. There-
fore a system is necessary that opens the sealed ampule and dilutes the source into
the xenon, allowing for precise dosing of activity into the detector. This so-called
dosimetry branch was designed and built in Mainz and first tested with the small
Mainz TPC during the master thesis of Daniel Wenz |75, 76]. The system is shown
in Fig. 3.4, both as a computer aided design (CAD) drawing and photo. It consists
of two sub-systems, the ampule container and the activity monitor, as well as several
small volumes and valves crucial to the dosing procedure.

D-v3
Pressure gauge

D-v4

D-FDV1

Coldtrap

D-VX

Activity
monitor

D-v2

D-v1

Ampule container

Figure 3.4.: Side-by-side view of a CAD drawing of the dosing branch and the realized
system connected to the XENONI1T gas recirculation system. Some part orientations
were adapted to better fit the available space, but the features remained unchanged.

The ampule container stores the 3"Ar calibration gas and includes a guillotine
mechanism to open the ampule. A CAD-drawing is shown in Fig. 3.5. Before opening
the ampule, the volume is filled with xenon at a pressure of approximately 2 bar. This
is necessary for the later dosing procedure, as the ampule has a filling pressure of only
110 mbar, which would be further reduced to the order of mbar when the gas expands
into the evacuated volume. As the dosing is based on volume ratios only, xenon can
be used as a carrier gas to ease the dosing. To open the ampule, the guillotine is
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3.3. Measurement Run Preparations and Setup

lowered, guided by threaded rods to avoid damage to the bellow.

The second system is a simple activity monitor to measure the argon activity in
a well-defined volume of xenon gas to verify the overall activity in the ampule after
irradiation. Due to the energy of the 3"Ar decay of only 2.82keV, the electrons and
X-rays cannot penetrate the glass walls of the ampule. Thus no external measure-
ment can be performed to confirm the activity after irradiation. The camera consists
of 1" Hamamatsu R5820 PMT facing a well-defined volume milled into a PTFE cylin-
der. Teflon was used for its high reflectance in the UV regime to maximize the light
collection efficiency of the setup.

The third part is the actual dosing volume, a small pipe-cross, connected to the
camera. A second connection is occupied by a pressure sensor. The other attachments
are connected to the source box of XENONI1T and allow for a part of the recirculation
flow to be redirected through the dosing volume to flush the calibration gas into the
detector.

Figure 3.5.: CAD drawing of the source container with ampule and guillotine mecha-
nism to open the ampule and release the 37 Ar.

Activity camera subsystem issues

Initially, there was a major problem of sparking during PMT high voltage ramp-up,
with the sparking voltage strongly dependent on the xenon pressure. The first actions
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were based on the assumption that the sparks occur between the PMT housing and
the steel pipe used as a vessel. The PMT was operated with a base designed for
negative high voltage. In this mode, the metallic hull of the PMT was on the same
potential as the applied operating voltage of -900 V. As the distance between the
vessel and PMT shell was only between 1 to 2mm, a flashover at this point seemed
most probable. An additional PTFE layer was wrapped around the PMT to prevent
the sparks, but additional tests did not show any improvement. Also switching to a
positive operated PMT base did not solve the problem. As in this mode the PMT
hull is on the same potential as the vessel, sparking can only occur between the PMT
pins and the base. A test in a glass vessel filled with argon revealed the sparking to
happen indeed between the pins and the hull of the PMT. This was rather surprising
as this PMT model was already operated in the XENON100 experiment without
encountering this issue.

The problem was solved by applying a layer of a liquid high vacuum sealant on the
back of the PMT, covering the complete metallic backside. Initially, as a material to
close small leaks in connections, the electrically isolating sealant worked well as an
additional isolation layer. Tests with the MainzTPC also showed no contamination
of the xenon with respect to signal reduction.

The setup as a hole in its current state, however, proved to be insufficient to detect
the 3"Ar decays in gaseous xenon. It is still part of the dosing branch as its volume is
needed to achieve sufficient dilution of 3"Ar, but it cannot be used to determine the
37TAr activity before injection into XENONIT.

One possible upgrade is the implementation of electrodes to apply an electric field
and thus achieve proportional scintillation to improve the sensitivity of the device.
This upgrade, however, has yet to be implemented.

3.3.3. Dosing procedure

Diluting the activity takes place in several steps, of which each is based on the volume
ratios of the different parts of the setup. The volumes of the different sections are
estimated by measuring the dimensions, using the CAD drawings of the parts or using
volume values provided by the manufacturer, in the case of the valves. The values for
the volumes and the corresponding activities are given in Table 3.3, the designations
for the parts can be found in Fig. 3.4.

| Volume location | Volume [cm?] |
Ampule container 181.3 £ 1.7
D-V1 to D-V2 2.0
Activity camera 318.3+0.3
D-VX to D-FDV1 3.1
Dosing volume with pressure gauge 8.9+0.3

Table 3.3.: Volumes of the dosing branch with estimated volumes that are used to
calculate the dose of 37 Ar injected into the detector.
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3.4. 3" Ar Calibration of XENONI1T

Before opening the ampule, the storage volume is filled with xenon at 1.97 bar,
acting as a carrier gas for the dosing procedure. The first dilution step takes place
from the ampule volume to the small volume between valves D-V1 and D-V2. These
two have volumes of 181.3 & 1.7 cm? for the ampule volume and 2 cm? for the inter-
valve volume (no uncertainty given by the manufacturer). This results in a separation
ratio of 1:90.6. As both volumes are filled with xenon, the argon transport is based
on diffusion only.

In the next step, the content of the small volume is diluted into the big camera
section with a volume of 318.34 0.3 cm?®. Argon transport is again based on diffusion.
The dilution ratio of this step is 1:159.

Initially, the next step was filling the volume between D-VX and D-FDV1 was filled
again by letting the argon diffuse into the volume. Shortly before argon injection, the
cross was evacuated with the cold trap. After this, the valve D-FDV1 was opened
carefully, allowing a to achieve a pressure precision in the cross of the order of 10 mbar,
corresponding to an activity in the sub-Bq range.

This last step was later modified on-site in the way that the section between valves
D-VX, D-V3, and D-V4 was evacuated with the cold trap, after that the volume
between D-VX and D-FDV1 was filled from the camera section with a gas flow and
no longer by a diffusion process. This greatly enhanced the speed at which the dosing
can be performed. Additionally, the last gas transport step based on diffusion was
removed, a process taking much more time (in the order of hours) than anticipated
in the beginning.

3.4. 3"Ar Calibration of XENONI1T

3.4.1. Live activity monitoring

We monitored the injected activity by observing the trigger rate of each run. As data
transfer and processing added a delay of around 8 h between actions on the TPC and
the possibility of taking a detailed look into the processed data, the monitoring of
the trigger rate was a much faster method to see the impact of each new argon dose
immediately. Given that at the beginning of the measurement argon-specific event
selections were not defined yet, the observed trigger rate of the TPC consisted of the
base rate plus the rate added by the 37Ar source.

The base rate was a composition of the real background rate and the rate added
by the 83™Kr source, which was also open at the beginning of the measurement. This
had the advantage that data from both sources with identical detector conditions was
taken at the same time. This allows for a direct comparison of both sources in later
analysis.
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3. First 37" Ar Calibration of a Dark Matter detector - XENONI1T

3.4.2. Argon injection

The goal of the first argon calibration was to reach a measurable 3" Ar activity compa-
rable to at least the background rate of the detector, which was taken directly from the
trigger monitor of XENONIT to be 4.8 Hz. The background rate was also determined
based on 20 runs directly before the calibrations where a mean event rate of 15880
events/run are observed. The runs used for background estimation can be found in
Appendix B.2 in Fig.B.3. This number is equal to an event rate of 4.4 Hz, based
on a run duration of one hour, and is used as the background rate in the following
analysis. Based on this estimation, to reach an event rate well above the background,
an injection of at least 5 Bq into the detector was the target.

As the 37Ar data can also be used to perform a spatial calibration (test for spatial
uniformity of the event distribution, determination of spatial dependencies of the
response) or to determine the electron drift time, a sufficient number of events is
required. For a rough division of the detector volume in 1000 voxels (of arbitrary
shape) requiring approximately 1000 events in each voxel to reach a passable statistical
error and given a limited time window of only two weeks for the measurement, a
minimal event rate of 5 Hz is required, in agreement with the previous assessment.

In addition to the 37Ar, the ®™Kr source was open in parallel during the first
days of the measurement. Based on the event numbers shown in Fig. 3.6 before the
first 37 Ar injection (timestamp A), a mean number of 21298 events/run was observed,
corresponding to an event rate of 5.92 Hz, determining an 3™Kr rate of approx 1.5 Hz.
As the 83™Kr decay deposits more energy in the TPC, these events are distinguishable
from each other in the S1-S2 space and no interference with the 3"Ar was expected.

After the first injection, performed with the initial method, a continuous rate in-
crease was observed, although much slower and with a much smaller magnitude than
expected, only increasing the event numbers per run from 21298 to 24861, which
corresponds to a rate increase from 5.92Hz to 6.91 Hz. The observed rate increase
was only one-quarter of the expected one based on the injected amount of 4 Bq. It
was assumed that the majority of the injected gas was distributed in the gas volume
of the detector and only a small fraction was kept in the liquid. Also, the delivery
speed of the 3"Ar was very slow and the activity transfer into the detector was not
yet fully completed, even after one day of waiting, as it is visible in Fig. 3.6 between
timestamps A and B.

To reach a higher activity in the TPC, a second injection was carried out, intro-
ducing approximately four times the amount of 3" Ar into XENON1T. To shorten the
mixing time, the cold trap was used for a faster transfer into the recirculation cycle.
The size of the injection was intended to be 18 Bq, resulting in a rate increase from
6.91 Hz to 9.60 Hz as shown in Fig. 3.6 between timestamps B and C.

After the rate stabilized, it still was below 10 Hz, so a third injection was performed,
introducing an activity comparable to the first injection, but using the refined injection
method. This resulted in the peak rate of 10.26 Hz, which was the minimal goal to
reach sufficient statistics. The rate increase is visible in Fig. 3.6 between timestamps
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Figure 3.6.: The injection steps of 3" Ar into the TPC. The first injection of argon
with an estimated activity of 4 Bq (timestamp A). The second injection with 18 Bq
(timestamp B) and the third one with 4 Bq (at timestamp C). Timestamp D marks
the closure of the 8™ Kr source, which was open in parallel. The dashed line shows
the combined mean number of events for the background and 8™ Kr calibration. The
solid lines show the fit results (and the used data range) with the function given in
Eq. 3.2, while the dotted lines show the complete shape.

C and D.

These rate estimations are mostly based on rates of single runs and especially the
first injection can not be quantified this way as it never settled. Therefore each
injection was fitted with a saturation function of the shape:

R(t) = Rojg + Riny - (1 — ¢ 1 ) (3.2)
where R, is the offset caused by background and %™Kr, R;,; the injected *"Ar
rate and 7;,; the time constant for reaching the plateau.

Each injection was fitted with this function individually, the resulting functions are
shown in Fig. 3.6 and the parameters are given in Table 3.4.

After the three calibration gas injections it was decided to close the krypton source
to record datasets containing only argon data. Argon-only data taking in this way
was done for 8 days. During this period the decay of *3™Kr and 3" Ar was observed.
On these rates, a function consisting of two decay terms, one for each of the isotopes,
and a constant offset for the detector background, was fitted using the function:

RDecay(t) = Roff + AAT : e_(t/(TAT)) + AKT . e_(t/(TKT)) with T = ti,1/2/ln 2 (33)
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Injection | Activity Ry R Riy; T
[Bq] accumulative | individual | [Hz| | [h]

1 4 6234 6234 1.73 | 26.38

18 12468 6234 1.73 | 12.38

3 4 15341 2873 0.80 | 9.68

Table 3.4.: Results of a simple analysis on the event numbers for the 3" Ar injections.
The large decrease of effective rate increase per additional injected Bq of 3" Ar activity
suggests a large uncertainty in the dosing procedure and/or a pile-up effect. The
strong reduced T for the second and third injection confirm a faster mizing by the
adapted injection procedure. As this rough analysis is based on the event mumbers
only without any data selection with the sole purpose to monitor the injection process,
no uncertainties are given.

The offset R,;; was extracted as a mean value of 20 runs from the beginning of
October, where no calibration data was taken or no other tests were performed. The
runs used for background estimation can be found in Appendix B.2 in Fig. B.3. From
these runs a mean background of 15879.80 events/run was extracted and given to the
fit-function as a fixed parameter.

One uncertainty not taken into account in this analysis is the fact that we are using
the run number as a sort of time measure. This introduced a small error as one run
does not cover exactly one hour of data taking but in most cases 2 to 3 seconds more.
To use the actual event times for this first analysis, processed data would have been
necessary again.

3.4.3. Argon outgassing test

After the initial argon data taking, a test was performed to measure the mixing
properties of argon and xenon. This test was also intended to help understand the
discrepancy between the assumed amount of activity introduced in the detector and
the actually measured increase in the trigger rate. For this test, the gas recirculation
system was put into a setting in which no gas from the gas volume above the detector
was fed back into the recirculation and cleaning circle. This resulted in a dead end
for the gas on top of the detector. Fig. 3.8 shows the response of the trigger rate to
this new setting, a steep decrease, which points to a fast outgassing of argon from the
liquid xenon. This also shows that constant recirculation is needed to keep the 37Ar
in the liquid phase of xenon.

3.4.4. Argon distillation phase - preliminary analysis

The second question addressed by this first calibration with 3"Ar was the one of the
removability of the calibration gas. The property making argon so interesting for cali-
bration, namely having a low emission energy of 2.82 keV, makes it also dangerous for
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Figure 3.7.: After the last 3 Ar injection and the closure of the 8™ Kr source (at time
A), the decay of both isotopes was observed. The fast decay component of Krypton, in
the beginning, is clearly visible, a result of the short half-life of 1.83h. Also the slow
component of 3" Ar with a half-life of 35 days can be seen by a steady decrease of the
number of events in the datasets.

the actual dark matter search. If not properly removed, 3 Ar can produce background
signals in the energy region of interest where WIMP interactions are expected. The
XENONIT detector uses a distillation column for krypton removal. As argon has an
even higher vapor pressure, an even higher removal factor is expected for argon than
for krypton.

A simple exponential fit is used to determine some basic properties of the argon
distillation:

RDistillation - RoffDist + AAT ' exp(i(xixoydwt/mwt)) (34)

The free parameters used in the fit are the background level B, the number of
argon events per run A, and the time constant of the distillation 74. The fit is
shown in Fig. 3.8. Table 3.5 shows the fit results. The number of events from the fit
can be converted into an event rate with the given run duration of one hour. This
results in an argon activity of 3.395+ 0.014 Bq, sitting on top of a background rate of
4.452 + 0.005 Hz which is in agreement with a background rate measured before the
start of the calibration of 4.4 Hz. The rate reduction half-life time is 40.86 4 0.31 h.
This can be converted into a decade distillation time of 3.92+0.03d, the time needed
to reduce the activity by a factor of 10. This time addresses the total reduction of
activity and is a combination of reduction by distillation and the natural decay of the
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Figure 3.8.: Distillation phase of the 3" Ar calibration sequence, starting at timestamp
A. The red marked data is taken during active distillation. From an exponential fit
with Eq. 3.4 the time constant of the distillation can be extracted, resulting in a half-
life time for the activity of (40.86+ 0.31) h. This results in a decade reduction time of
(8.924 0.03) days. The average number of background events per run based on the fit
is (16027.24 16.9). The hatched area marks the time window of the outgassing test.

isotope.

These parameters are for the initial distillation phase and are based on the event
rate only. They give an indication of what to expect for a more refined analysis. For
this, a proper data selection is necessary, which is presented in the next chapter.

| Parameter | Value | Error |
Background rate [Hz| 4.452 | £0.005
Ar activity [Bq] 3.395 | £0.014
7 [0 10.86 | £0.31
Decade distillation time [d] | 3.920 | £0.030

Table 3.5.: Results of the exponential fit on the distillation runs, converted to event
rates. The main result of this preliminary analysis is the time needed to reduce the
event rate by one order of magnitude: 3.92 + 0.03 days.
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3.5. Summary

After initial testing with the small TPC setup in Mainz, the dosing branch was shipped
to LNGS and successfully connected to the calibration system of XENONIT. At the
end of the last science run of XENONI1T, the first calibration of a dark matter detector
with 37Ar was performed.

The calibration was started with small doses to verify 3"Ar activity. During mul-
tiple injections to reach the target activity, the dosing procedure was improved and
shortened. After several days of data taking, the 37 Ar was removed successfully during
a 3-week distillation campaign, utilizing the krypton distillation column.

The activity was monitored live with a preliminary analysis based only on the event
trigger rates of the detector.

The experience gathered during the calibration led to a redesign of the dosing
branch and an improved, less time-consuming dosing procedure. This updated setup
is now permanently installed inside the calibration box of the XENONnT gas system.
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4. Low-energy Electronic Recoll
Calibration of XENON1T with
37Ar

The calibration of XENONIT took place over two weeks, providing several hundred
hours of 3"Ar data at full rate, partially taken in parallel with 8™ Kr to facilitate
direct comparison of both sources. This period was followed by a four-week distilla-
tion campaign to prove the removability of 3" Ar. Monitoring of the calibration and
preliminary analysis of the distillation, as shown in chapter 3.4, was based on the
detected event rate only. In this chapter, the analysis with selected 3"Ar data is re-
peated to confirm the preliminary results. Section 4.1 therefore introduces the data
cuts used, to ensure a clean data selection. In section 4.2 the rate analysis is redone,
this time with the properly selected 37Ar rate only, resulting in the time constant for
the distillation process.

The following sections use the 3"Ar data in its function as a calibration source. In
section 4.3 the electron lifetime, a value essential for S2 signal correction, is calculated
based on 37 Ar data. The result reveals a discrepancy and an anomaly compared to the
standard value used in the XENONI1T data analysis previously. A further comparison
of the different electron lifetimes for multiple sources and the correction based on an
electric-field simulation are shown, as well as an observed anomaly in the 3" Ar lifetime
calculation, that results in a new correction for low energy signals. The development
of the fit model for the 2.82keV 3"Ar energy peak in S1-S2 data space is shown in
sections 4.4, 4.5, 4.6, 4.7, followed by the calculation of the final results of the photon
and electron yields for 37Ar in section 4.8 (A simultaneous fitting method of the
different regions, to simultaneously extract the S1 threshold of the TPC, is explored
in the appendix A.1).

An alternative way to calculate the electron yield is started in section 4.11 with
the estimation of the single electron yield. This value can then be used to directly
compute the electron yield, as it is done in section 4.12.

An analysis of the data for the even lower energy peak at 0.27keV, based solely on
small S2 signals, is shown in section 4.13. Finally, the impact of this new analysis on
already published XENONI1T results, which especially include an observed excess of
signals in the same energy regime as the 3" Ar decay, is analyzed in section 4.15 [77].
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4.1. Science Run 1 cut selection

The first step in data selection is to select the relevant data by a coarse energy selection
in the ¢S1-c¢S2 bottom space. Here cS1 stands for the corrected-S1, which refers to a
correction for the (x,y,z)-position-dependend light collection efficiency of the S1 signal.
Similarly, the S2 signal is corrected for (x-y)-dependent effects in electron extraction
efficiency and proportional scintillation, and a depth correction based on drift time.
The "bottom' indicates, that from the S2 signal only the light detected by the bottom
PMT-array is used. This selection is done as the bottom part of the S2 is much more
uniformly distributed and as such much less affected by, for instance, a defective PMT
in the light pattern [39].

In XENONIT simulations were done with the Bayesian Band Fitting (BBF) frame-
work. BBF utilizes a Marcov Chain Monte Carlo (MCMC) algorithm to provide an
accurate description of the data. A simple simulation for a 2.82keV interaction gave a
prediction of the expected 3" Ar peak position and distribution in the ¢S1-¢S2 bottom
space. From the result of this simple simulation, some pre-selection borders were
chosen: ¢S1 > Ope, cS1 < 50 pe and ¢S2_ bottom < 2500 pe.

Further data refinement is done by applying a set of cuts, designed to remove
unwanted events. First, the official Science Run 1 (SR1) fiducial volume cut is applied.
The cut removes events based on their position too close to the edges of the TPC,
which are most likely caused by radioactive decays on the detector walls or from
outside of the detector. Of all the applied cuts, this has by far the largest impact,
removing approximately 40 % of the events. Other cuts are designed to remove events
that might negatively impact the analysis due to an irregularity in peak-pairing, peak
shape, etc. The cuts applied to the 3"Ar data, with a short explanation and selection
criteria, are listed in the following, the survival fraction is listed in Table4.1:

e InteractionPeaksBiggest:
This cut is used to check for a correct pairing of the si and s2 signals. It is
tested that the largest s and the largest s2 of a waveform are paired into an
event. The condition implemented is:

(s1 > largest _other s1)&(s2 > largest other s2)

e S2TailCut:
This cut is designed to remove events containing an s2 sitting on the tail of a s2
signal from a previous event. This should help to remove accidental coincidence
events before analysis. The cut introduces a new parameter which is designed
as:
s2 _over tdiff = s2 area/(time difference to next event S2)

For the current event, the maximum value of the last 50 values is taken and
compared to a threshold value. This threshold value is chosen in a way, to keep
the cuts acceptance at ~ 95 %.
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4.1. Science Run 1 cut selection

e S2Width:
This cut is designed to remove gas events, accidental coincidences and events
with unphysical drift times. To achieve this, the s2 width parameter is com-
pared to a value obtained by applying a diffusion model to describe the evolution
of the electron clouds during the drift in the liquid xenon and thus the expected
time distribution of the s2 signal. If the difference between the model measured
s2 _width is too large, the event is removed.

e S2SingleScatter(Simple):
A cut to remove double scatter events, often caused by neutrons, although none
are expected during 3" Ar calibration. For WIMPs, just a single interaction is to
be expected, due to the very low cross section. For this kind of double scatter,
only a single s signal is expected, but at least two s2 signals. Therefore the
size of the largest other s2 is compared to a threshold. This threshold (for the
"S2SingleScatterSimple"” version) is given by the empirical expression:

largest _other s2 < 0.00832 - 52+ 72.3

The more general version of the cut pays more attention to larger s2 signals,
adapting the threshold to higher values. For the range of interest for argon the
s2 signals are below 4000 pe. In this range, the thresholds given by both versions
of the cut are nearly identical, with deviation starting in the third digit.

e PreS2Junk:
A noise cut to remove waveforms with a noisy or shifted baseline. The major
noise contribution originates from single electron signals, which follow a large
S2 signal or originate from photoionization of the meshes.

CutSignalOver PreS2Junk = (area_before main_s2 — s1) < 300

e S1MaxPMT:
Removes an event when the contribution of a single PMT is dominant in the
signal composition. This can happen if afterpulses or light emissions occur
after large s2 signals or scintillation in the photocathode occurs, producing an
accidental coincidence. The condition to pass this cut is given by:

sl _largest _hit _area < 0.052-s1+4.15

e S1PatternLikelihood:
Removes noise from events caused by the accidental coincidence of lone hit
signals wrongly paired to a valid event. These events however differ from real
events by a different PMT hit pattern for the S1 signals. Comparison with
acceptable hit patterns derived from simulations allows the removal of most of
these events.
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e CS2AreaFractionTop:

Another cut to remove gas events. This cut addresses a group of events that
can pass the S2Width cut by applying a cut on the s2_area_fraction top.

S2PatternLikelihood:

This cut is designed to remove events with an S2 pattern containing more than
one maximum, which can occur in the case of a multi-scatter event or just
an anomalous PMT hit pattern. This results in a pass condition based on
the S2_pattern_fit value, a measure for the goodness of fit for the position
reconstruction:

52 pattern_ fit < 0.0404 - s2 + 594 - s2°0737 _ 686

S1SingleScatter:

A cut to ensure a correct S1-S2 pairing by testing alternative pairings. If addi-
tional S1 signals can be paired with the main S2 (the time difference between
the two signals is smaller than the maximum drift time in the TPC) and also the
S2 _width of the new pairing fits with the new drift-time (a comparison between
the S2 width and the expected value derived from a diffusion model is made),
the event is rejected.

KryptonMisIdS1:

Removes events originating from 83" Kr decays, where large S1 signals are misiden-
tified by PAX as S2 signals and thus are not recognized by other cuts like

S1SingleScatter. To remove these events conditions for the largest other s2

and the largest other s2 delay main_ sl parameter are set:

largest _other s2 < 100 |

largest _other s2 delay main sl < —3000 |

largest _other s2 delay main_ sl >0

e PosDiff:

A cut to remove events with a larger difference in the reconstructed positions
provided by the two different used reconstruction methods, the neural net (NN)
and the Top Pattern Fit (TPF). The difference D is given by:

_ NN _ »TPF 2 NN _ ,, TPF 2
D = \/(xobserved mobserved) + (yobserved yobserved)
The cut condition for the parameter D are given by:

logio(s2)

D < 2429.322 - exp(— 0.362

)+ 1.587



4.1. Science Run 1 cut selection

e SingleElectronS2s:
Optimizing for efficiency at the event building phase, the event classification of
Processor for Analyzing XENON (PAX) allows a quite high number of single
electron signals to be misclassified as S1 signals. These signals can be falsely
paired with an S2, creating single electron background in the data. This cut is
utilizing machine learning to reduce this background.

Cut Effects Fraction
passed |%]

Fiducial Cut Remove background events at 59.4
detector edges

InteractionPeaksBiggest | Tests for correct pairing of 96.2
largest S1/S2

CS2AreaFractionTop Gas event removal 88.0

S2SingleScatter Removes double scatter events 98.2

S2Width Remove gas events/wrong drift-time 95.6
combinations

DAQVeto Remove possibly corrupted events 95.6
due to busy DAQ

S1SingleScatter Avoid Pile-up events 98.2

S2PatternLikelihood Remove events with strange 85.5
S2 hit pattern

KryptonMisIdS1 Remove events wrongly identified as 100

krypton events
Remove events with different

PosDiff positions reconstructed by 94.1
diff. reconstruction algorithms

SingleElectronS2s Remove S2 due to single 99.1
electron emission

S1PatternLikelihood Remove events with strange 98.4
S1 hit pattern

S1MaxPMT Remove events based mostly on a 99.6
single PMT

PreS2Junk Noisy waveforms 99.9

S2TailCut Remove events with overlapping S2 97.0

MuonVeto Remove events with coincidence in 99.5

the Muon Veto

Table 4.1.: List of data cuts used in the analysis of 3" Ar data, based on already existing
cuts of SR1. The fraction passed value should give an idea of the impact of certain cuts
on the data. Due to a possible correlation between cuts that address similar events,
these numbers might change slightly, when the cuts are applied in a different order.
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Table 4.1 gives a summary of the cuts used in this analysis and additionally the
fraction of events that survive the cuts (individually for each cut). The numbers given
are dependent on the order in which the cuts are applied, as some cuts address similar
events (for example 'CS2AreaFractionTop’ and 'S2Width’ both address gas events)
and as such are partially correlated.

For the distillation analysis an energy selection and a series of cuts were applied to
the processed data to achieve a better result for the distillation time constant. The
basic data quality cuts were applied first, including 'DAQVeto’, "MuonVeto’, 'Flash’
and 'S2Tails’ cut. For further analysis an energy selection in the ¢S1/cS2 space was
done, only considering events with 0 < ¢S1 < 50 and 0 < ¢S2 < 2500.

After this selection the rest of the cuts listed in Table 4.1 are applied. One additional
cut, 'SIPMT3fold’, was also included to ensure a 3-fold coincidence for the selected
events (3-fold coincidence = at least 3 PMTs contribute to the event). To lower the
sensitivity threshold, SR2 data was recorded partially with a 2-fold coincidence. As
most of the used cuts were never adapted to 2-fold data, which might affect some of the
cuts targeting low energy events, the 'SIPMT3fold’ cut ensures proper functionality
of the applied cuts.

4.2. Distillation analysis after event selection

The preliminary analysis of the xenon distillation after the 3”Ar calibration shown in
Chapter 3.4.4 was based on a simple study of the detector event rates in the taken data
sets. This worked fine for an initial result, but also includes some drawbacks including
uncertainties in the result. For instance, the time steps were taken in one-hour steps,
but the duration of one run is usually a few seconds longer than an hour, resulting
in an accumulated time error, which can have an impact on the time constant of the
applied exponential fit.

Additionally, the preliminary fit was done on the data rates only and as such is sen-
sitive to a change in running conditions. Under normal conditions, the background
should be stable and as such provide only a constant offset in the rate. Any irreg-
ularities, however, would affect the analysis and the fit results. This might be, for
instance, an additional calibration source like #3™Kr | so that the rates of both sources
are affecting the analysis. With a proper event selection this can be avoided.

Fig. 4.1 shows the effects of the cuts on the data. Many of the events cut have either
a very small S1 or S2 peak. These events are usually the result of a faulty pairing
by PAX, where a valid S1/S2 is paired with a random small peak, classified as S2/S1
because no other valid peak was found in the allowed time window. This can, for
instance, happen for gas events, where a large S2-like signal is produced in the gas
phase, but there actually is no valid S1 produced.

The same procedure was applied to nearly all SR1 data to extract a value for the
background in the same energy region. In this work the background is estimated from
‘science’ data, i.e., the data primarily used in dark matter search, as, during normal
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(a) 37 Ar peak before cuts. (b) 37 Ar peak after cuts.

Figure 4.1.: Effects of the cuts on the selected 3" Ar events. The cuts mainly remove
events with very small S1 or S2 signals. These are usually wrongly paired events,
where either the valid S1 or S2 peaks are paired with a random small peak. In the
corner with very low S1 and S2 values, besides some background events, some S2s from
the 0.27keV transition can be found, where they are paired with a random small peak
classified as S1 (a detailed plot showing the 0.27keV transition is shown in Fig. B./
in the appendiz on page 196). The plots for the cut effects are based on 50 runs of
3T Ar data, representing roughly 2 days of data taking.

operations background events are expected to dominate in this energy regime. This
evaluation of the background is necessary to accurately calculate the 3"Ar removal.
The results of the cuts on the background events are shown in Fig. 4.2.

The Figures 4.1 and 4.2 illustrate the cut effects in the box energy selection for
0 < ¢S1 < 50 and 0 < ¢S2 < 2500. For the actual rate calculation used for the
distillation analysis, an even finer selection was done: an ellipsoid selection region
in ¢S1-¢S2 space, containing 99,6 % of all argon events was chosen. This selection
was applied to the 3"Ar data, as well as the background data to provide clean data
samples. The ellipsoid selection is shown in Fig. B.5 in the appendix on page 197.
With this selection and corrected for the lifetime, the background rate found is:

Rprg = (0.719 + 0.054) /t/d

A background correction is not necessary during the calibration data taking due to
the amount of the injected 3"Ar , which achieves event rates in the order of 10 Hz.
The value becomes important in the later stages of the distillation, when the number
of events per run reduces drastically, partially with no valid 3"Ar events at all after
applying the cuts. In the further analysis, the runs were grouped for each day. Even
with these large time intervals, there are two days with no detected 37Ar event, while
for the last days at most one event was found. To extract the time constant of the
distillation, the rate development was fitted with two exponential decays combined
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(a) Background before cuts. (b) Background after cuts.

Figure 4.2.: Effects of the cuts on the background in the same energy selection range
as for the 3" Ar data. The plots effectively remove the bulk of the events, just leaving
a few events on the ER-band and in the corner with very small S1 and S2. These
events are easily removed with an S2 cut, leaving the 3" Ar peak region untouched. The
background analysis is based on all of SR1 data (excluding calibrations or otherwise
faulty marked runs) and represents roughly 184 days of data.

with a linear offset for the background component. A binned likelihood fit is used to
also take the days without any 3"Ar event into account. The function minimized is
shown in Eq.4.1.
RAr,tot = RBk:g + H(t) - Ra, - 67ﬁ . 67ﬁ (41)

The total rate Ra, o is composed of the background rate Rpy, and the 37Ar rate,
which is reduced over time by two effects following an exponential decay: the distilla-
tion with a time constant of 7p;s; and the natural decay with a time constant of 7p.,
which is fixed to Tpe. = 50.55d (t1/2.4r / log(2)). A Heavyside step function H(t) is
used to ’switch on’ the argon at the start of the distillation period at time t =0. The
result of the fit is shown in Fig.4.3.

The fit results in a decay time constant 7 = 1.972 £+ 0.013 days. With this value a
rate reduction by a factor of ten every 4.543 + 0.030 days can be computed.

Based on this analysis, we conclude that the 3" Ar can be removed efficiently within
a reasonable time frame of 24 days. This qualifies this calibration source to be used
not only after the experimental run at the end of an experiment’s lifetime, as it was
done for XENONIT, but also as an intermediate source for calibrations in between
science runs.
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4.3. Measurement of the electron lifetime with " Ar and comparison with other
calibration sources
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Figure 4.3.: Distillation phase after the first 37 Ar calibration of XENONIT. The rate
reduction is caused by a combination of distillation and natural decay. The background
level from before calibration is reached after approximately 24 days. For comparison,
the dashed-dotted grey line shows the rate reduction by natural decay only. With only
this process present, it would take about 570 days to reach the background level again.
For the last days, the measured rate was very low, with two days where no events
were found at all, represented by the arrows. The uncertainties for the low rates in
the last days were calculated using Feldman-Cousins intervals [78]. The fit accurately
describes the rate, as can be seen in the residuals. The residuals are calculated by
computing the difference between the data and the model and dividing it by the o of
the data. The grey regions show time windows during which other calibrations and
tests were done, so no clean 3" Ar data is available from these days.

4.3. Measurement of the electron lifetime with 3 Ar
and comparison with other calibration sources

The XENONI1T TPC is about 1 m in height, which is therefore the maximum distance
the electrons created in an interaction have to drift to the liquid-gas interface before
being extracted to create the S2 signal. During this drift, the electrons can be caught
by electro-negative impurities in the liquid xenon. This behavior is similar to an
absorption effect and thus, like in the case of photons absorbed in a transparent
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medium, the ’absorption’ of electrons during drift through the liquid xenon can be
described by an exponential function.

Due to this, the electron lifetime is strongly correlated with the amount of impurities
in the xenon, which is why the xenon needs to be constantly purified during the
measurement.

To correct for the loss during electron drift, measurement and monitoring of the
electron lifetime is necessary. In XENONI1T, this is achieved with the help of regular
calibrations using ®3™Kr. The ®3™Kr data can be plotted in a 2D-histogram, where
the parameter 'S2 bottom’ is plotted vs. ’drift time’. As mentioned before, the
parameter ’S2_bottom’ indicates that only the part of the signal recorded by the
bottom PMT array is used. To achieve a tighter band in the event distribution, the
events are x-y-position corrected. This correction becomes even more important for
sources with similar energies, as they might not be able to be distinguished without
the correction.

The drift time is closely related to the z-position of the event in the detector. It
reaches from 0 from an interaction on top of the liquid volume to a maximum of
750 us for an interaction taking place at the position of the anode of the TPC. The
maximum drift time is dependent on the applied drift field, which was set at 82V /cm
during data taking.

T T T T T
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Figure 4.5.: Example of a Gaussian fit on one of the $2ppiiom distributions, here ran-
domly selected for the time slice of 330.0 to 337.5 ps drift-time. The mean values
resulting from these fits are then fitted with the exponential function describing the
electron lifetime.
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1600
400
1400
350
1200
300 ,,
=
5 1000 o
2 250 &
g B
g 800 200 &
2 O
S Q
» 600 150 §
Z
400 100

200 300 400 500 600 700
Drift time [us]

Figure 4.4.: Exponential distribution of the s2po10m Stze in dependence of the drift time.
The wvertical lines show the division into drift-time slices that are later individually
fitted with a Gaussian function.

For a proper fit, the data is cut into drift-time slices of equal duration. The events
of each time slice are filled into a histogram and the resulting ’s2 bottom’ distribution
is fitted with a Gaussian to determine the mean value and the corresponding error.
An example of such a fit applied to 3"Ar data is shown in Fig.4.5. On the resulting
mean values of all slices the exponential function of shape

$2 =82 e T (4.2)

is fitted, with the parameter 7 giving the electron life time.

With 37Ar an additional internal source is now available to be compared to 83™Kzr.
As both sources were active in the TPC at the same time during the first week of the
3TAr calibration run, both sources can be analyzed and compared directly, because
data taking happened under the same exact detector conditions for both sources. The
numbers of events for both sources were high enough to allow a fine time binning.
Thus the drift time range was divided into 100 time slices for the analysis. The
electron lifetime extracted with 3”Ar data has a value of (947.00 4 0.18) us.
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Figure 4.6.: Exponential fit to the mean $2potom values obtained from the Gaussian
fits in each time slice. As can be seen, there is a significant discrepancy between the
expected exponential behavior for drift times lower than 150 us which roughly refers to
the top 20 cm of the TPC. This anomaly is only observed for 3" Ar. From this fit an
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electron lifetime of (947.00 + 0.18) us is obtained.

As can be observed in Fig. 4.6, 37 Ar shows a deviation from the expected exponential
distribution for the top 20 cm of the detector. When compared with other calibration
sources, as can be seen later in this and the following chapter, this is a feature unique
to 3"Ar. It was found that this feature hints at so far unknown detector properties,

which are discussed in more detail in Section4.3.
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4.3. Measurement of the electron lifetime with " Ar and comparison with other
calibration sources

Comparison with the electron lifetimes of other calibration
sources

The value of the electron lifetime found for 3" Ar in the previous section is significantly
higher than the value determined for 83" Kr, with a value of (832.62 + 0.43) us.

Besides this discrepancy between the measured electron lifetimes of 37 Ar and #3™Kr,
another one was already known for some time. The electron lifetime value obtained
from ??°Rn, a calibration source used in irregular intervals, is much shorter than the
value found for 83™Kr. When comparing the decay energies of the three calibration
isotopes, ranging from 2.82keV (for 3"Ar ) over 41.5keV (¥™Kr) to 6.3 MeV (**°Rn,
a-decay), this indicates an energy dependency of the electron lifetime.

To confirm this hypothesis, the electron lifetimes of the meta-stable xenon isotopes
129mXe and 1¥1™Xe are also determined. These excited states are formed as a side
effect during neutron calibrations in the TPC when the energy transferred to the xenon
isotopes is high enough to excite meta-stable states. The half-life times of these states
are considerably long, 8.88 d for 2"Xe and 11.93d for 3'™Xe. The decay energies are
236.1keV and 163.9 keV, respectively, thus placing these sources higher than krypton
but much lower in energy than the radon source. During normal detector operation,
these isotopes are considered low-rate background and runs recorded directly after
neutron calibrations are therefore not used for dark matter searches. Due to the low
rate, only a few thousand events are available for this analysis. To account for this,
not 100, but only 30 time slices to extract the electron lifetimes are used.

The values found are (747.93 + 2.65) us and (825.78 4 4.90) us for ?"Xe and
I8ImXe respectively.

The extracted lifetimes confirm the assumption of an energy dependence for the
lifetimes, as they result in lower values than the 8™Kr, but higher values than the
20Rn-fit.

To extend this analysis to higher energies, the same procedure was also applied to
the persistent ?22Rn background. This isotope is part of the ?**U decay chain and
therefore it is present in nearly every material, even in the construction materials of
the detector, despite a reduction by screening and selection. Radon emanates into
the liquid xenon from all surfaces which are in contact with xenon.

One main contributor to the radon content in the first science runs of XENONI1T
were the QDrive pumps used for gas recirculation. These pumps use pistons driven
by a linear motor to move the gas. As they are free of lubricant, they are suited
for ultra-pure experiments, but they are constructed from common materials without
treatment or selection to reduce radioactive emanations [79.
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Figure 4.7.: Exponential fit to the mean Sowom of ™ Kr with values obtained from
the Gaussian fits in each of the 100 time slices. As can be seen in the residuals,
there seems to be a systematic effect and a simple exponential fit does not describe the
distribution of 8™ Kr as well as this is the case for 3" Ar, as shown in Fig. 4.6. The
top and bottom three slices were removed from the fit region due to low statistics.

For this reason, XENONIT eventually replaced the QDrive pumps in an upgrade
by magnetically driven piston pumps in its gas system, built of screened material,
which reduces the amount of radon by 40 % [80, 81|. Despite this reduction, the rate
of the remaining ?*Rn content during the 3"Ar calibration period is high enough to
allow a lifetime study. The decay energy, with a value of 5,590 MeV, is much higher
than the previously examined sources and similar to the decay energy of 6,3 MeV of
220Rn. Additionally, it needs to be considered that it decays via an a-decay and not
an electron or y-emission.

218Po is the daughter nucleus of ???Rn with a half-life time of 3.05min and a de-
cay energy of 6.115MeV. Due to the applied x-y correction, the events of these two
sources can be separated and evaluated individually, providing two additional electron
lifetimes.
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calibration sources
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Figure 4.8.: Direct comparison of the results from the 3" Ar and ®¥™Kr fits. The 2D
histogram shows the data in the S2otom vS. drift time space and the red line shows
the fit results from the time slicing. The vertical lines mark the data range used in
the fit. The orange highlighted region represents the 1o width of the Gaussian fits
in each time slice.

79



4. Low-energy Electronic Recoil Calibration of XENONIT with 37 Ar

7]
i}
=1
5
>
@
Y
10! ©
j ]
5
Q
g
S
Z
| | | | | ! 100
200 300 400 500 600 700
Drift time [ps]
(a) 129mXe
0
L | E
(D) )
= 3
- 10t
g S}
] o
3 5
Q Q
N g
wn =
Z
0 100

0 100 200 300 400 500 600 700
Drift time [ps]

(b) 131m Xe

Figure 4.9.: Direct comparison of the results from the 2" Xe and 3'™ Xe fits. These
1sotopes are created as a side effect of neutron calibrations of the TPC, not as a main
calibration source. Therefore the statistics are much lower than for the reqular sources
CTAr and ®3™Kr ). To account for this and still have enough statistics for a reasonable
Gaussian fit, the drift time range is divided into only 30 slices for these isotopes. Due
to surface effects, the top regions are not included in the fit. The slice fit plots for these
isotopes can be found in App. B.3 on page 198 in Fig. B.6 and Fig. B.7 for **" Xe and
131m X respectively.
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Figure 4.10.: Data selection in the high energy region for the a-decaying isotopes **> Rn
with an energy deposit of 5,590 MeV and ?*® Po with a deposit of 6.115 MeV. After the
application of (x, y)-spatial correction maps on the S2, both peaks can be distinguished.
Two manually adjusted exponential functions are used to select the events for each of
the two components.

The data selection was done in the S1/spatial-corrected-S2po10m space as can be
seen in Fig.4.10. The black lines highlight the selection area. They are based on
empirical exponential functions:

S2=A.eF (4.3)

The parameters were chosen by eye to match the event distribution and are A =
155000/B = 27000 and A = 115000/B = 27000 for the upper and lower line respec-
tively.

With these two selections, the electron lifetimes are measured to be (658.29 +
0.59) us and (765.64 + 1.23) us for 2!8Po and ?*?Rn, respectively.

Comparing the results for the electron lifetimes of the various sources indicate a
systematic effect. The most apparent assumption would be an energy dependence as
the electron lifetime decreases with increasing decay energy, as is shown in Tab. 4.2
and Fig.4.12.
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Figure 4.11.: Direct comparison of the results from the *'®*Po and **?Rn fits. The
vertical red lines represent the fit range, only the time slices between the lines are
taken into account for the fit. Due to low statistics, similar to the zenon isotopes, the
drift time was only divided into 30 slices. The upper and lower parts of the TPC had
to be excluded, as the Gaussian fits in these time slices did not converge due to the
very low statistics. The slice fit plots for these isotopes can be found in App. B.3 on
page 198 in Fig. B.8 and Fig. B.10 for 2™ Xe and '3 Xe, respectively.
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4.3. Measurement of the electron lifetime with " Ar and comparison with other
calibration sources

’ Isotope ‘ Energy ‘ Decay type ‘ Electron lifetime [pus| ‘

3TAr 2.82 keV Auger e” 947.00 £ 0.176
8mKr | 41.5 keV e” + v 842.16 # 0.13
13lm¥e | 163.9 keV e” + 7y 825.78 £ 4.90
129m¥e | 236.1 keV | e” + 7, 2y 747.93 + 2.65
22Rn | 5.590 MeV o 765.64 + 1.23
28po | 6.115 MeV ! 658.29 £ 0.59

Table 4.2.: Summary table of the isotopes used to determine the electron lifetimes.
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Figure 4.12.: Direct comparison of the electron lifetime results from the different
sources discussed in this section. Based on the observed correlation between the elec-
tron lifetime and the decay energy, a dependence between these to observables can be
assumed.

It is, however, not plausible to assume that the decay energy influences the drift
loss of electrons throughout the TPC. The main quantities influencing the electron
lifetime are the purity of the xenon and the drift field.

To observe such an effect, a constant 'purity gradient’ needs to be permanently
present inside the TPC volume. As the xenon is constantly recirculated by the pu-
rification system this reason can be excluded.

A more reasonable assumption is a different rate of electron production in the ion-
isation and recombination process during the interaction, which needs to be position
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4. Low-energy Electronic Recoil Calibration of XENONIT with 37 Ar

dependent. One important detector parameter that varies over the TPC volume and
can influence the electron production process in this way, is the electrical drift field
applied in the TPC. A further study on this topic is presented in the next section.

Impact of field non-uniformities on the electron lifetime

The XENONIT detector uses a drift field to transport the electrons freed in inter-
actions to the liquid-surface interface, where they are extracted and produce the S2
signal. Due to geometry effects and wall charge-up, the applied drift field is not per-
fectly homogeneous. Simulations show variations in the field strength up to 20 % in
the relevant regions, as is shown in Fig.4.13. In part, deviations from uniformity were
caused by the fact that the cathode high voltage could not reach the design value,

Relative field strength
0.9 1.0 1.1

0.8

120

110

100

z [cm]
E-Field [V/cm]

40

0 10 20 30 40
r [cm]

Figure 4.13.: Stmulation of the drift field in the XENON1T detector. The black dashed
lines show the selected region for the relative field strength calculation, the dotted line
shows the fiducial volume. This is necessary to exclude the strong field variations that
appear near the edge of the detector and otherwise would dominate the mean value.
The red line shows the relative change of field strength, averaged over r, as a function
of z. Field simulation done by Junji Naganoma.
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4.3. Measurement of the electron lifetime with " Ar and comparison with other
calibration sources

resulting in a significantly reduced field strength.

These field variations not only determine drift path and velocity of the electrons,
but also affect the recombination rate at the interaction site. In regions with a weaker
field the recombination rate is higher, hence a larger S1 signal is created, while less
electrons are freed and drifted, resulting a smaller S2.

The NEST can be used to simulate the effect of different field strengths on the
charge yield. The results of these simulations is shown in Fig.4.14 and shows the
relative charge yields for a selection of some of the used calibration sources over a
range of fields. The relative charge yield is calculated with respect of a field strength of
82V /cm, which is the mean value used during the XENONIT science run considered
in this analysis. As can clearly be seen, the higher energy interactions from #™Kr and
13lm¥Xe are more affected by field variations than the low energy 3”Ar source, which
varies by less than 5% between 60 V/cm and 95V /cm.
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Figure 4.14.: Relative charge yield changes of different sources in varying drift fields.
The values are calculated in relation to a field of 82V /cm, which is the mean drift
field applied in the XENONIT TPC. Clearly 3" Ar is the least affected and shows the
smallest variations, while with increasing decay energy the relative yield changes in-
crease with changing fields. The grey marked region marks the range in field strengths
present in the TPC.
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4. Low-energy Electronic Recoil Calibration of XENONIT with 3" Ar

Fig.4.15 shows this relative charge yield change in dependence of drift time, us-
ing the field variations resulting from simulations, which are shown as a red line in
Fig.4.13. Based on the simulation, field variations between 60 V/cm and 95 V/cm
occur over the full height of the TPC, when averaged over r. For each source and
its energy, a relative correction factor in dependence of drift time (which has a di-
rect relation to the z-position), again with a reference mean field of 82V /cm, can be
calculated, using NEST.

In Fig.4.15 these field corrections are applied to the resulting fit curves from the
slice fitting. To visualize the effect only the curves for 37Ar and ®¥™Kr are shown.
As already implied in Fig.4.14, the effect on the 37Ar curve is minimal. The #3™Kr
however now has nearly the same shape, and thus it can be assumed, also a very
similar lifetime constant, to the 37Ar curve. The 8™Kr curve is scaled down in S2 to

T T T T T T T T
1200F -—- ¥Ar -
S ——- 83mgp
— 37AI‘Field - corrected
1100 — 83mKrField-corrected -
1000 - 4
=
= 900 .
=
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@
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Figure 4.15.: Relative charge yield changes of different sources in varying drift fields.
For clarity only 3" Ar and 3™ Kr are shown. For a first prove of principles the fit
result curves from Section 4.3 are corrected with the field correction. The dashed lines
represent the shape of the uncorrected lifetime curves. The solid blue and red lines
show the curves after the field corrections. Clearly visible is the much better agreement,
indicating that after correction similar electron lifetime can be expected from both (and
also the other) sources. Note that the 8™ Kr curves are scaled down in S2 to allow
direct comparison with 37 Ar.
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4.3. Measurement of the electron lifetime with " Ar and comparison with other
calibration sources

the 3"Ar value at zero drift time to allow a direct shape comparison.

To verify the assumption that field effects are the main reason for the observed
variations in electron lifetimes, the procedure described in Section 4.3 is repeated,
taking the field corrections into account. The mean S2 values are field corrected,
before the exponential fit is applied to extract the electron lifetime. This procedure
is performed for the corrected 3"Ar, 83" Kr as well as the xenon isotopes '?"Xe and
13lm¥e  After correction the resulting electron lifetimes of the different sources are
much more similar, as shown in Tab. 4.3. For completeness, the plots of the fit results
are shown in the appendix on page 202.

Isotope | Energy | Lifetime (no correction) | Lifetime (field corrected)
[keV] s s
3TAr 2.82 947.00 £0.18 921.30£0.19
8mKy 41.5 842.16 £0.13 915.89 £0.18
120m¥e | 236.1 747.93 £2.65 931.69 £6.81
18lm¥Xe | 163.9 825.78 £4.90 937.37+£9.32

Table 4.3.: Summary table of the electron lifetimes before and after field correcting the
S2 values. After the field corrections, the different sources yield much more uniform
results.

It should also be mentioned, that in case of 83™Kr, the observed structure in the
residuals of the fit on the uncorrected data, shown in Fig.4.7 is no longer observed
after the field correction is applied, indicating that ®3™Kr is affected by the field
variations.

A direct comparison between ®3™Kr data before and after field correction, and their
fit residuals, is shown in Fig.4.16. Similar structures in the residuals are not observed
for the xenon lines, which may be caused by the low statistics of the data used for
this analysis.

It should also be mentioned, that in case of 83™Kr, the observed structure in the
residuals of the fit on the uncorrected data, shown in Fig.4.7 is no longer observed
after the field correction is applied, indicating that ®3™Kr is affected by the field
variations. A direct comparison between 83™Kr data before and after field correction,
and their fit residuals, is shown in Fig.4.16. Similar structures in the residuals are
not observed for the xenon lines, which may be caused by the low statistics of the
data used for this analysis.

In conclusion, the main reason for different electron lifetimes is found in the non-
uniformities of the drift field of the TPC. The variations in the field cause variations
in the resulting charge yields, which impacts the measured electron lifetime. This
highlights the importance of a good understanding of the applied fields in the detector
and also promotes an improved correction of the data in the future. It also highlights
an important feature of 3"Ar, as this source, as shown by our data and in agreement
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Figure 4.16.: Comparison of the fit to 3™ Kr data before (blue) and after (green) field
correction. Besides a different time constant of the fitted exponential function, which
now results in an electron lifetime similar to the one of 3" Ar, the residuals now do
not show the systematic anymore that was observed before. This indicates that already
83m [ is influenced noticeably by the field inhomogeneity and should be corrected.
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4.3. Measurement of the electron lifetime with " Ar and comparison with other
calibration sources

with NEST, is barely affected by field variations and thus provides an electron lifetime
close to the true value, even without the proper correction applied.

Anomaly in the electron lifetime of 3"Ar in the top region of
the TPC

A feature unique to the 37 Ar source is a kink observed in the electron lifetime curve. As

can be seen in the previous section in Fig. 4.6, the S2 size deviates from the expected

exponential behavior in the top 20 cm of the TPC. This feature is not observed for

the more energetic calibration sources like 83™Kr, 2"Xe and '31"Xe, suggesting an

energy dependence of this effect. The fact that it appears only in a certain spatial

region of the detector, namely the top 20 cm, indicates some detector-related reasons.
Two effects were found to be responsible for the observation:

e 37"Ar Signal width:

Due to the low energy of the 37Ar interaction, the S2 width is small compared
to the other calibration sources, with very short rise and fall times. As with
all other signals, the S2 of 3"Ar produces AP signals with a short time delay
in the O(us). As the S2 signals are usually longer than this time frame, the
first APs are merged into the S2 and cannot be distinguished from the main S2
signal. This causes a bias for all S2s, but since the AP size is expected to be
proportional to the main S2 causing it, the bias is the same for all S2s. The
low-energy signature of 3"Ar with its short duration allows for a clear enough
separation between the main S2 and the following AP signal, so the event builder
of XENONIT can separate these two signals. As a result the 3"Ar S2s are
actually not biased and thus smaller in size. This of course must be considered
for all S2s from such low-energy interactions and must be taken into account in
further analysis.

e Signal widening by diffusion:
The effect described above is only visible for interactions in the top region of
the TPC, where the signals are narrow. For long drift times diffusion broadens
the electron cloud oc /4. At a depth larger than ~20cm, the width of the
main S2 broadens to a point where the AP cannot be separated anymore by the
event builder from the main S2 and thus they are merged into one combined S2
again.

To enable a coherent analysis, a way to correct for the observed effects must be
found. Diffusion at some point smears out any peak enough to merge it with its AP.
As this effect makes it impossible to distinguish them afterwards, one can instead bias
the 3"Ar data artificially, making them directly comparable to the rest of the data.
This can be done by merging the 3"Ar S2 with its AP.
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4. Low-energy Electronic Recoil Calibration of XENONIT with 3" Ar

Simple selection of afterpulse candidates

The first step in applying a correction to the data is a suitable selection of events
that need to be corrected. To generally select 3" Ar interactions, only events with an
uncorrected S1 area smaller than 100 pe and an uncorrected S2 smaller than 5000 pe
are selected.

The effect of too small S2 areas is predominantly observed in the top region of the
TPC. Yet a threshold-like selection in the z-coordinate does not help as a continuous
transition from events with separated APs to events with merged APs is expected.

Another selection criterion is the time delay between the S2 and a potential following
signal. After event building and peak classification, it is common for a waveform to
contain more than one peak classified as S2. While events with two similar-sized
S2s are removed before analysis (see S2SingleScatter-cut in the cut list explained in
Sec.4.1), events with smaller secondary S2s are kept. The second largest S2 is also
saved in the standard minitrees, so these can directly be used for this analysis.

A suitable selection can now be made in the delay time between the largest S2,
which is assigned as the main S2 to the event, and the second largest S2 of an event.
Fig.4.17 shows this parameter plotted against the drift times (= equivalent to the z
coordinate) for a selection of 37 Ar events.

These plots show a very prominent population of secondary S2s with a delay time
shorter than 7.5 us (indicated by the red line). This selection criterion is chosen by eye
with the expectation in mind that the secondary S2s should be uniformly distributed
in the TPC, independent of their z-position. This is indeed the case for the lower
part of the TPC (with drift times > 300 us), whereas the population in the lower left
corner is identified as S2s with separated AP.

As the kink in S2 vs. drift time was only observed for 3"Ar data, this population
is expected to not be present for the other calibration sources. Fig.4.18 shows the
same plot for 83™Kr data. Due to the two-step decay of ®™Kr the secondary S2
delay is shorter compared to 3"Ar, so the selection threshold is set to 4.25 us. Below
this line only a negligible number of events are selected for AP correction, following
expectations. For completeness, there are also the plots for *™Xe and ¥'™Xe given
in the appendix B.5 on page 206.
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Figure 4.17.: Simple selection of AP events in the time delay parameter. The threshold
15 set at 7.25 us, shown as the red line. Fvery event with a delay between main S2 and
second largest S2 smaller than this threshold is selected to be AP corrected. The
delay time is plotted against the drift time to show the largest population fulfilling this
condition has only short drift times, which locates these events at the top of the TPC.
Obuviously, this is not a very clean selection as part of this population bleeds above the
threshold line and thus these events are not selected. The large population with a time
delay < 5 s are photo-ionization events from the gate. As the secondary S2 of these
events dominate in the upper part of the TPC, the secondary S2s with a higher delay
are not included in this data selection, which explains the gap in the upper left corner.

For the selected events below the thresholds the AP corrections are now applied,
replacing the old S2 value with the sum of the old S2 and the secondary S2:

S2AP =52 + S2second_laTgest (44)

After applying this correction, the kink in the electron lifetime estimation plots
should vanish. Fig.4.19 shows the results using the AP-corrected S24ppotiom values
vs. drift time. The anomaly observed at the top of the TPC is no longer present. On
the contrary, the residuals reveal a slight over-correction in the region of interest.
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Figure 4.18.: Simple selection for 83" Kr. A lower threshold (time delay < 4.25us) is
used compared to 37 Ar, which is caused by the two-step decay of the 3™ Kr isotope.
Below the threshold, only a few events close to the liquid-gas interface are selected for
AP correction.

One reason for this might be the very primitive way of AP candidate selection.
As can be seen in Fig.4.17, the selection threshold in the time delay cuts into the
observed population. Despite this incomplete selection, the low drift time region
already seems to be over-corrected in the lifetime plot, indicating that not every peak
in this population is actually a real AP peak. Therefore, a more refined way of finding
and selecting AP candidates must be found.
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Figure 4.19.: S24ppottom vs. drift time plot with the AP correction applied. When
compared to the uncorrected data, as shown in Fig. 4.6, the anomaly at the top of
the TPC is no longer present. The residuals of the plot actually show a slight over-
correction 1n comparison to the expected exponential behavior.

Improved afterpulse candidate selection

The first step is to provide a better selection of AP candidates. In the first sim-
ple correction, the standard minitrees were used. They provide the so-called sec-
ond_largest _s2. As the name suggests this is the second largest S2 found in the
waveform of an event, but this does not necessarily need to be a proper candidate.
As an example: the second largest S2 might have a delay to the main S2 which is
larger than the threshold, so it gets discarded and the main S2 is not corrected. Yet,
it might be possible that a smaller (for instance the third largest S2), yet significant
peak identified as S2 is present in the waveform, within the delay time window. With
this first selection, this constellation is ignored and the event is not corrected.

To improve here, a special AP-correction-minitree was introduced, also providing
the three largest S2 peaks within 15 us of the main S2. This time window was chosen
based on an AP study of the used PMTs in the TPC. As larger signals can induce
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Figure 4.20.: Time delay vs. rise time of the first AP candidate for 3" Ar data, the
closest secondary S2 after the main S2. Clearly visible are four major populations,
identified with A to D. The selection criteria are chosen by eye. Population D contains
signals identified as S2s, but with a much too short rise time compared to the typical
S2in XENONIT. The origin of the populations A to C is further investigated in the
text. For the final AP correction, all events with AP candidates right of the population
D line and the dotted line and below population A are used.

AP signals, which in return can induce new APs and so on, and up to three APs are
taken into account, this threshold of 15 us was chosen.

Additionally, the AP selection was moved to another data space. One dimension
of interest is the time difference between the main S2 and the following AP. The
other dimension chosen is the rise time of the AP candidates. As the typical shape
of S2, and thus the typical rise times of S2s are well known, this choice also offers
the possibility to also remove events with nonphysical shapes from being used as
a correction. The distribution of the first AP candidates for 3"Ar data is shown
in Fig.4.20. The secondary AP S2 candidate shows a much weaker shape of these
populations, whereas the third shows barely any other population besides population
D. The corresponding plots can be found in Figs. B.18 and B.19 in the appendix on
page 205. Due to the negligible number of peaks in these selections, only the primary
AP candidates are considered for correction.

Four major populations are clearly visible. The population D on the left with very
low rise times consists of the already mentioned nonphysical events, considered to be
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accidentals identified as S2 and thus end up in this selection. Their rise time of the
order of 100 ns, however, differs greatly from the one expected for a regular S2, with
typical values of the order of 1000 ns.

The three remaining populations seem to be real signals identified as S2s. To
identify the source of these populations, a simple selection of the core distribution of
each population was applied and their spatial distribution evaluated. As shown in
Fig.4.21 the main S2 signals of population A have a certain spatial distribution in
the x-y-plain. These correspond to the locations of PMTs which are known to have
a higher AP rate. This is also visible for the distribution of the AP candidates which
are concentrated on the high-AP rate PMT positions. The main S2s of population
B are far more uniformly distributed. This is also true for the position of the first
AP signal although they are also more evenly distributed. The main S2 of population
C shows a somewhat inverse distribution when compared to population A. Also for
this population the AP candidates are spread more uniformly as was observed for
population B.

The same analysis is applied to 33™Kr events. To select interactions caused by #3™Kr
decay, all events with an uncorrected S1 between 145 pe and 630 pe are selected. In
the S2 space an area between 5000 pe and 25000 pe is selected. This is a rather large
energy range selection but, in uncorrected space, the signals are greatly distorted,
mainly caused by the drift losses and missing position corrections. The distribution
of the AP candidates in the time delay vs. rise time space is shown in Fig.4.22. For
83mKy the distribution of the first AP candidates looks quite different from the one
of 37Ar as there is one major population visible, containing nearly all events, which
is named population E. Besides this, only a very small population F is visible with
shorter delay times between the main S2 and the AP candidate.
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Figure 4.21.: Distributions of the events of the three AP populations from Fig. 4.20 in
the x-y-plane. The main S2s of population A are concentrated on positions of PMTs
with a higher AP rate. This also accounts for the corresponding AP. The main S2s of
population B are evenly distributed, while population C shows an inverse distribution
in x-y when compared to population A. The APs identified for these events are more
evenly distributed than for population A, but they are still concentrated at the AP-

intense PMT positions.
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Figure 4.22.: Time delay vs. rise time of the first AP candidate for 83" Kr data, the
closest secondary S2 after the main S2. It has a different structure when compared
to 3T Ar. Most of the AP candidates are part of population E with higher time delays,
besides them only a small population at lower delay times at 3us is visible, named
F. The black solid and dotted lines show the same selection criteria as for 3" Ar. All
events above and to the left of the lines (population G) are discarded as accidental
events.

When looking at the corresponding x-y-distribution of the related main S2, the
events of population E are far more equally distributed compared to the 3"Ar popu-
lations. Merely the smaller population has a similar distribution to 3"Ar and is only
present in the top region of the TPC. In the distribution of the AP candidate positions
the locations of the AP intense PMTs are still clearly visible, but even here the events
are far more homogeneously distributed in x and y, as can be seen in Fig. 4.23.

The main difference between the AP candidates of both sources is visible when
looking into the z distribution of the main S2, which is shown in Fig. 4.24. As expected,
the candidates for 3"Ar for all three populations are present at the top of the TPC,
while the parent S2 of the candidates of the major 33™Kr population are equally
distributed throughout the whole depth of the detector. This indicates another origin
for the population E candidates than for the ones of 3" Ar. Only the small population
F has a similar distribution to the one observed for 3"Ar, but the number of events
contributing to this population is negligible compared to the total number of 33™Kr
events.
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Figure 4.23.: Distributions of the events of the main AP population (E) in the z-y-
plane for 3™ Kr. The main S2 is mostly equally distributed, as expected. The first AP
candidate is also more equally distributed than in the " Ar distributions. Similar to
the other selections, the positions of AP intense PMTs are still visible. The number of
events for population F is too low to show any insightful distributions and are therefore
not shown.

Due to the distribution of the events in population E of the 83™Kr data, these events
can be excluded as AP candidates as they are spread equally throughout the height
of the TPC. The remaining 8" Kr population, as well as all three 3" Ar populations,
are concentrated in the top region, as expected for AP-candidates. Population A,
however, shares a similar shape to the excluded ®™Kr population E in the time-delay
vs. rise-time data space. Also some of the events belonging to A reach far deeper
into the TPC than the peaks of the other two 37 Ar populations. To test which effect
this has on a possible correction, the 3"Ar peak data was one time corrected with
populations A, B and C, and one time with populations B and C candidates only.
Applying the correction also here means replacing the S2 with the sum of the S2 and
the AP candidate.

For both corrections, the electron drift time analysis was redone. In both cases, the
obvious anomaly observed for top events has vanished. When applying the exponential
fit (using the same fit ranges as before the corrections), however, the ABC correction
shows a slight over-correction in the residual, while the BC correction fits better. This
is shown in Fig.4.25.

Based on this result and the shared time-delay vs. rise-time data space of popula-
tions A and E, only events with an AP candidate in populations C and D are corrected.
The resulting electron lifetime from the AP corrected 37 Ar data is (948.826 4 0.083) ys,
which in the end results in an electron lifetime of (913.669 4-0.082) us after the field
correction is applied.
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4.3. Measurement of the electron lifetime with 3" Ar and comparison with other

calibration sources
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Figure 4.24.: Z-distribution comparison for the first AP candidates of > Ar and 3™ Kr.
Four populations (A, B, C and F) are concentrated in the top region of the TPC,
while population E s equally distributed throughout the complete detector. Due to
this, population E peaks are not considered AP-candidates. Also, the population A
peak distribution reaches deeper into the TPC. As they also share a similar shape in
the time-delay vs. rise-time data space, their suitability for AP corrections needs to
be examined further.
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Figure 4.25.: Direct comparison of both corrections. The blue data is corrected using
candidates of populations B and C, the green includes also population A corrections.
An exponential is fitted to both datasets. The residuals for the BC correction fit
very well, while the ABC correction shows a small over-correction. This result, in
combination with similar data space distributions of populations A and E, leads to the
conclusion to apply only the BC candidates as AP corrections. Note that the ABC
data is offset by 50 pe for better visibility.
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4.4. Fitting the signal distribution in S1-S2

4.4. Fitting the signal distribution in S1-S2

For this analysis, the 3"Ar events are pre-selected in the S1/S2 space with the same
criteria as for the lifetime estimation. Similar to the lifetime estimation, only the
bottom part of the S2 (S2;, ) signal is used. To extract information like the total
energy measured, the mean c¢S1- and ¢S2;, -values need to be determined. This can be
done by fitting the event distribution in the ¢S1-¢S2, data space. In a first attempt,
one assumes the events to be normally distributed in both parameters ¢S1 and ¢S2,.
Hence the first attempt to fit the data was facilitating a standard 2-dimensional
Gaussian distribution. The parameterization used in this work is as follows:

G(r,y) =A- e~ @=20)?+2b(z—20) (y—y0)+c(y—y0)? (4.5)

with the parameters A = amplitude of the distribution and a, b and ¢ containing
the o, and o, values of the 2D-Gaussian, as well as the tilting angle 6, which describes
the anti-correlation of ¢S1-¢S2:

cos®0  sin?0

= 4.
¢ 20?2 * 207, (4.6)
sin(20)  sin(20)
— _ 4.
b 402 * 4o (4.7)
sin?0  cos*0
= 4.
¢ 202 N 207 (48)
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Figure 4.26.: ¢S1-¢S2 distribution for a single vozel for 3™ Kr and 37 Ar, corrected with
the electron lifetime based on 3™ Kr. The contours show the fit result of a simple 2D-
Gaussian fit to the data. Fig. (a) shows the result for 8™ Kr which is well described
by the Gaussian. In Fig. (b) the result is shown for 3" Ar, which shows a strongly
deformed peak that is not well described by the fit.
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4. Low-energy Electronic Recoil Calibration of XENONIT with 3" Ar

This Gaussian shape provides a good fit for the other calibration sources used
previously, e.g. 83™Kr, where it fits the distribution quite well, as shown in Fig 4.26.

When looking at the 37 Ar data, however, the event distribution looks distorted and
not Gaussian alike. After consideration, three main contributions to the distortion in
this event distribution are identified:

1 Applied corrections:

The corrections applied to the measured data are based on a calibration with
83mKr. This works fine for energies in the same order of magnitude as Krypton
events. But as shown in Section4.3, the electron drift time is dependent on
the interaction energies, caused by the field inhomogeneities. Consistent with
the other analysis of XENONIT, all S2 signals are corrected using the 83"Kr
lifetime. Application of this correction to the 3"Ar data, however, leads to an
over-correction, resulting in too high ¢S2p,10, values for the lower part of the
TPC. More details about this can be found in section 4.5.

2 Detector threshold:
The energies observed from 3" Ar are very low and are influenced by the detection
threshold. The number of photons observed from prompt scintillation in the S1
signal ranges from 2pe up to 30pe. As this range overlaps with the known
threshold, the 3"Ar data allows for testing the threshold of the detector, one of
the reasons this calibration source was chosen.

3 Statistics:
For 37Ar the number of photoelectrons in each event is low enough that the
expected distribution might not yet be Gaussian in shape but rather reflect the
underlying Poisson and binomial processes. To account for this, asymmetric
distributions are used to describe the S1 distribution.

4.5. Modeling the S1-S2 signal distribution

Similar to ®3™Kr, the large statistics, uniformity and line emission of the internal
37 Ar source permits the study of the spatial dependence of the detector response near
the threshold. To this end the TPC volume is divided into voxels of equal volume.
A 2D map was created, dividing the x-y-plane into equally sized sectors. This map
is similar to the maps used to create the x-y-correction maps (for instance the one
based on #™Kr), but designed to be easily manageable. The algorithm was written
in a flexible way, so that only the number of rings and the total radius have to be
given. The program then creates the map and assigns a sector number to each event,
based on its x-y-coordinates. An example of such a map, created with 3 rings (the
central area counts as ring 0) is shown in Fig. 4.27.

Additionally, the division in z is done simply by a selection in the z-coordinate.
This allows for a fast (voxel-)data selection in the later analysis. With this map and
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4.5. Modeling the S1-S2 signal distribution

Figure 4.27.: Section map showing the subdivision of the x-y-plane of the TPC, in this
case featuring three rings of equally sized sections around a central section.

a division of the TPC into 6 equal slices in z, each voxel contains around 5000 events,
enough to allow a 2-dimensional fit.

For 37Ar it was observed that the position of the mean ¢S1/cS2, shifts when data
from voxels at different z positions of the detector are selected, as shown in Fig. 4.28.
This should not occur after the corrections are applied. Regardless, this feature was
observed for 37Ar, especially when keeping the x-y-position fix, but varying z. This
effect is reason for the distorted signal shapes for 3"Ar as shown in Fig. 4.26b. For
comparison, Fig. 4.29 shows the same data, but this time corrected with the electron
lifetime obtained from argon. The 37Ar lifetime corrected S2 from the bottom of the
TPC is equally widened than the ®3™Kr lifetime corrected data, an effect caused by
diffusion during the electron drift through the detector. The mean value of the 37Ar
corrected S2 distribution, however, varies much less. This clearly shows the over-
correction effect caused by the ®3™Kr lifetime correction, which has a much lower
value than the one found for 3" Ar. Due to the 3"Ar longer lifetime, the drift losses are
lower. Correcting then with the ®3™Kr lifetime leads to an over-correction of the S2s,
especially at the bottom of the TPC.

Despite this finding, to be able to directly compare the results with other XENON1T
analyses, the 83™Kr-based correction is used in this analysis, unless otherwise noted.
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Figure 4.28.: Comparison of cS1-¢S2, signal shape between a vozel from the top of the
TPC (from z = -10cm to z = -25 cm) to a vozxel from the bottom of the TPC (from z
=-85cm to z = -100cm). The smearing in S2 width is caused by diffusion. The shift
in the mean of the S2, distribution from 1225 pe (top) to 1344 pe (bottom) is induced
by the S2 (over-)correction with the electron lifetime based on 83™Kr. As shown in
in Section 4.3, this is caused by differences in e -generation due to differences in the
electric field. The contours shown indicate the shape of the 2D function used for

fitting.

Even with a finer voxelisation, reducing the distorting impact of over-correction (in
each of the individual voxels), or applying a correction based on the 37Ar lifetime,
the signals are found to be still not purely Gaussian. There is still a clearly visible
asymmetry in the S1 distributions. This asymmetric 2D-distribution can, however,
be described much better with a 2D-Gaussian, which is skewed in the S1 component:

G(z,y)=A- e~ (@=8)?+2b(x—&) (y—yo)+e(y—v0)* . [1 +erf (M)] (4.9)
o2

Facilitating this S1-skewed version of a Gaussian, the mean S1 is not directly given
as the parameter &, but can be calculated with:

2 aoy,
TV1+a?
Where « is the parameter describing the skewness of the Gaussian. A skewness of
0 leads to a classical symmetric Gaussian. Fig. 4.30 shows a qualitative comparison
between a normal Gaussian and skewed Gaussian distributions with different values

for the skewness. The parameters a, b and ¢ in Eq. 4.9 are identical to the parameters
of the simple 2D-Gaussian.
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Figure 4.29.: Same data selection as in Fig. 4.28, this time with 37 Ar lifetime corrected
S2. The diffusion effect is the same, the shift however between the mean signal from
1205 PE (top) and 1239 PE (bottom) is much smaller, showing also clearly the over-
correction caused by the 3™ Kr -based lifetime.
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4. Low-energy Electronic Recoil Calibration of XENONIT with 3" Ar

Yet the shape of the skewed Gaussian, although already much closer to the event
distribution than a simple 2D Gaussian, still does not fit the left, low pe side of the S1
distribution. Here we have to consider an additional effect introduced by the detector,
a detection threshold, which is discussed in the next section.

4.6. Signal threshold in S1

A significant loss in detection efficiency for S1 signals can be observed for weak S1
signals with less than 5 pe, where smaller efficiency losses are already affecting the
signals smaller than 10 pe. The mean of the S1 signal of 3" Ar is well above this value,
yet the signal distribution extends below that value. Therefore this efficiency has to
be modeled and included in the 2D fit, as it will affect the minimization process of
the model function and as such lead to wrong results, mainly in the S1 parameter.
To further investigate the mentioned effects, the initial simple and later the skewed
2D-Gaussian were modified with a threshold function. Initially, the threshold was
modeled with a simple Fermi function:

F(o) = ———— (4.11)

Applying the threshold to the 2D-Gaussian already improves the fit result, as can
be seen in shape and residuals. The TPC threshold, however, can also be extracted
from data based on the first science run of XENON1T. When plotted and compared to
the function, the Fermi function does not describe the threshold very well, as is shown
in Fig. 4.31. This is mainly caused by the asymmetric shape of the threshold. To
achieve a better agreement with the data the function was changed to an asymmetric
threshold, a combination of an error function to describe the stronger rising part and
a hyperbolic tangent for the weaker part, where the function flattens out:

F(z)=a-(0.25- (tanh(t - (x —xg) + 1)) - erf(—e(z — xg))) (4.12)

The parameter a describes the efficiency, the parameters 7 and e define the shape
of the tanh and er f functions respectively and xg gives the position of the threshold
in pe. The parameter values are determined by a fit to the data points and are given
in Table4.4. For most of the analysis, unless noted otherwise, the parameters for the
threshold are fixed in the 2D fits and cannot be altered by the minimizer. This was
found to be necessary as otherwise the shape and positions of the threshold and the
S1 component of the 2D-Gaussian were utilized by the minimizer to improve the fit
of the left flank of the Gaussian. In some cases, this led to non-physical values for the
fit parameters. An example of this is shown in the next section.
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Figure 4.31.: Functions used to model the threshold. The red function is the simple
model, using a Fermi function, the green line shows the Tanh-Erf function as shown in
Eq. 4.12. Both functions are fitted to the S1 threshold-data obtained by simulations and
data-driven methods [82, 83]. The resulting fit parameters for the Tanh-Erf function
are later used as fized parameters in the 2D (Skew-)Gaussian fits to the calibration
data in S1-S2 space.

Parameter name \ Value ‘
a 0.9169 +0.0019
Tg 2.4187 4+0.0238
€ 0.2821 +0.0081
T 1.0271 £ 0.0488

Table 4.4.: List of the fit parameters obtained from the fit of the Tanh-Erf function to
the S1 threshold data. In the two-dimensional fits to the S1-S2 data, these values are
fized.
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4.7. Improved fitting of the signal distributions

In the first iteration, fitting employed the curvefit method included in the SciPY pack-
age of Python. This method uses y? minimization for fitting. Later this was changed
to minimizing a binned Log-Likelihood function, which allows Poisson statistics and
empty empty bins to be taken into account, an important feature when events are
distributed over a 5D dataspace in spatial voxels and S1/S2.
As we are in a regime with relatively low numbers of events we can assume that
the entries in each bin follow a Poisson distribution:
v

Pz‘(nu%‘) = 17
il

(4.13)

Where n; is the number of entries in the bin and v; the prediction by the model, in
our case the 2D (Skewed-)Gaussian + threshold (or any other model function). With
this, the Likelihood of obtaining the observed number of events n; for each bin ¢ is
given by:

L= HPi(”i, v;) = H % (4.14)

To get rid of the product the natural logarithm is introduced:

mL=3 in (%) (4.15)

This can, utilizing Stirlings approximation In(n!) = ninn+n+O(Inn) be rewritten
as:

nA
n Zi:u n; +n n— (4.16)

)

The factor 2 is introduced as —2In L is y?-distributed (in the case of Gaussian errors
or large number of events) and thus can be used as a measure for the goodness of fits
[84]. The Eq. 4.16 is the cost function minimized to find the best set of parameters
describing the data. The realization of this procedure in Python is shown in appendix
B.8.1 on page 215.

The starting values for the fit were determined by calculating the arithmetic mean
of all ¢S1/cS2, signals in a voxel to get starting values for zy and yy. The standard
deviations of the ¢S1/¢S2, distribution were used as initial values for o, and o,.
The initial values for the rotation angle and the skewness were set to 0.01 and 2
respectively. These values were obtained from test fits and also provided stable fit
results. The values a, xg, 7 and € for the threshold were taken from the fit results
given in Table 4.4.

Initially, it was intended to use the combination of the threshold function and the
2D Gaussian to also extract a position and shape for the threshold from the fit. Due
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Figure 4.32.: Example of an overcompensation of the fit with free threshold parameters.
The combination of skewed Gaussian and threshold is shown as the red line, fitting
quite well to the data. Taking a look at the contribution of both components reveals
that the threshold in green is shifted to the right, with a position of (4.83+ 4.51) pe,
whereas the position based on data is at (2.42+ 0.02) pe. The position of the Gaussian
is shifted to lower values to compensate for the higher threshold position, as it is shown
by the dotted red line. In this example, this leads to a difference in the ¢S1 result by
more than one PE from 12.99 pe to 11.85 pe between fixed and free fit. The 2D contour
plots for the free threshold and the fized case with all the fit parameters can be found
in Fig. B.20 in the appendixz on page 206.

to the way the function is constructed, the fitting routine tries to match the shape
of the S1/S2, distribution, but because of the correlations of its parameters (S1- and
threshold position) this approach proved to be prone to errors.

In the projection on the S1 axis, it is clearly visible that for the left side the skewed
Gaussian alone only poorly describes the shape of the signal. The threshold is intended
to catch this, and in most voxels the results for the threshold and peak position look
reasonable. However, the resulting efficiency parameter a is vastly underestimated in
most voxels.

In several voxels, however, the fitting result shows an "‘overcompensation"’: the
threshold is shifted to higher values while the S1 mean is shifted to lower values.
This results in a better match for the shape, but the values found for the threshold
position and the resulting mean for the S1 are obviously wrong. An example of such
an overcompensation is shown in Fig. 4.32, which also results in an unrealistic detector
efficiency of larger 100 %. This of course also raises doubts on the robustness of the
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4. Low-energy Electronic Recoil Calibration of XENONIT with 3" Ar

results for the other voxels.

As a result of these tests, the threshold parameters were fixed in the next steps.
The TPC volume was divided into 6 equally thick slices in z, and a voxel map with
2 rings was chosen. This results in a total of 25 voxels per slice or 150 voxels in
total. To extract the mean S1 and c¢S2, , the event-distribution of each voxel is fitted
with a combined 2D-Skewed-Gaussian (G(S1, ¢S2; ); Eq.4.9) and threshold (F(S1);
Eq.14.12) function:

G'(S1,c¢s2y) = F(S1) - G(S1,¢S2) (4.17)

The 2D fit is performed in the S1-¢S2, data space. The uncorrected S1 is used as
the basic threshold data is also extracted in uncorrected S1. After the fit the mean
value is corrected, using the XENONIT S1 correction map. To get the corresponding
correction value, the 3-dimensional correction map is divided into the same voxels as
the data. For each voxel, the mean correction value is calculated and then applied to
the mean S1 to obtain the mean ¢S1. The correction values used are given in appendix
in Table B.2 in addition to the fit results.

An example fit for one voxel is shown in Fig. 4.33. The upper plot shows the event
distribution in S1-¢S2 with a contour plot of the 2D skewed Gaussian. The lower plot
depicts a projection of the event distribution and the fitted function on the S1 axis.
The fit itself is performed in the 2D data space. Additionally, the threshold function
is shown to give an idea of how much the shape of the fit function is influenced by
the threshold.

’ Mean of fit results ‘

Parameter Value [pe|
S1 13.044 £0.131
€S2y 1302.575 4+ 12.324
’ Normalized signals ‘
Parameter | Value [pe/keV]
S1/E 4, 4.6254+0.044
cS2y, /Ea,. | 461.906 + 4.636

Table 4.5.: The mean of the fit results obtained from the individual voxel fits is given
in the upper part of the table. The S1 values are obtained in the uncorrected space, as
the used threshold function is also defined in the uncorrected data space. The resulting
signals normalized to the line energy of 2.82keV are shown in the lower half of the
table.
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4.7. Improved fitting of the signal distributions

A table containing the fit results for all voxels and all skew-Gaussian parameters
(except for the threshold, as these are fixed) can be found in Table B.2 in the appendix
on page 217.

The global mean S1 and ¢S2, are then calculated using the mean values of the
S1/cS2;, obtained in each voxel. The light and charge yield for 37Ar is given by
dividing the obtained results for S1 and cS2;, by the energy of the interaction, which
for 3"Ar is 2.82keV. The resulting numbers are given in Table 4.5.
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Figure 4.33.: Example of one voxel fit from the top of the TPC (slice 0) in the center
(voxel 0). The top figure shows the contours of the 2D fit to the data and the resulting
fit parameters for this voxel. The bottom figure shows the projection on the S1 axis.
Also shown is the shape of the threshold (arbitrarily scaled for visibility), to give an
idea of how much the shape in S1 is influenced by the threshold.
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4.8. Determination of photon and electron gain factors for XENONI1T

4.8. Determination of photon and electron gain
factors for XENON1T

Besides 3"Ar, 83"Kr is used to estimate the detector-dependent photon gain gl and
electron gain g2. Additional calibration lines, considered background in dark matter
search, can also be used. This also includes the two meta-stable xenon lines, which
were already used in the electron lifetime measurements. Other sources include the
%0Co line at a higher energy of 1332.5keV, and a 2!4Bi line at 609 keV, which is part of
the decay chain of ?2Rn, a background source permanently emanating from detector
materials.

Fig. 4.34 shows the Doke-plot for XENONIT, plotting the (normalized to line en-
ergy) c¢S2 vs. ¢Sl signals of various calibration sources. 8™Kr is found in the lower
right corner with an energy of 41.5keV. With increasing energy the light yield reduces
and the charge yield increases, so that the sources are found alongside a linear relation
with a negative slope. 37Ar behaving counter-intuitively, as it is found at very low
light yield and high charge yield values in the upper left corner. The reason for this
behaviour is explained in Chapter 2.1.
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Figure 4.34.: Doke plot to estimate the light and charge gain factors of the XENONI1T
detector. The red dashed line shows the fit through previously used calibration sources.
The green line shows a fit including the new source 3" Ar. It fits the previous data
very well, verifying the light and charge gain factors values used in older XENONIT
analyses.
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4. Low-energy Electronic Recoil Calibration of XENONIT with 3" Ar

The resulting light- and charge yield values for XENONI1T including the new cal-
ibration point from 37Ar are given in the following table:

’ Parameter ‘ Value ‘

Photon gain g1 | 0.1434+0.001 pe/ph
Electron gain ¢2 | 11.260 +0.103 pe /e~

Table 4.6.: Photon gain g1 and electron gain g2 values resulting from the Doke fit in
Fig. 4.3/,

With the fit results for ¢S1 and ¢S2, , given in Table 4.7, the detector-independent
photon yield PY and electron yield EY can be calculated. These values are specific

for xenon for excitation with the 3"Ar decay energy of 2.82keV and an applied drift
field of 82V /cm:

’ Parameter ‘ Value ‘ NEST ‘

LYy, Light yield | 32.27+0.52 ph/keV
CYy, Charge yield | 41.02+1.06e~ /keV

Table 4.7.: Resulting xenon-specific light and charge yields for an interaction enerqgy
of 2.82keV (electronic recoil) at an applied drift field of 82V /cm.

4.9. Combined energy fit for the *"Ar peak

A simple test to verify the values for gl and g2 obtained in the Doke plot is to
calculate the combined energy scale (CES). This can be done with Eq. 2.10 with a W-
value of 13.7eV. The resulting energy peak for the selected data is shown in Fig. 4.35
for electronic recoils. The peak is fitted with both, a Gaussian and a skewed Gaussian
function. As with the S1 distribution, the skewed Gaussian describes the shape of the
energy peak much better than the symmetric Gaussian. The resulting mean of the
skewed Gaussian is (2.81 £0.02) keV, which is well in agreement with the expected
value of 2.82keV, marked with the dotted line.
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Figure 4.35.: 3T Ar energy peak reconstructed using the g1/92 values obtained from the
fit in the Doke plot in Section 4.8. The peak is fitted with a Gaussian (grey) and
a skewed Gaussian (green). Also for the energy peak, the skewed Gaussian shows a
much better agreement with the data (blue), as can clearly be seen in the residuals.
The position is well in agreement with the expected value of 2.82keV, as indicated by
the dotted line.

4.10. Energy resolution for 3"Ar

With the mean value and the width of the energy peak fit obtained in Section 4.9, the
energy resolution o/FE for the XENONIT detector can be calculated. Similar to the
mean value, the width of the skewed Gaussian is not directly given by a fit parameter.
It can be calculated with:

U:w.\/l_Q.#j—oﬂ) (4.18)

Where w is the skewed width obtained from the fit and « is the skewness. With the
results obtained from the fit, the energy resolution is computed to be (16.59 £ 1.22) %.
The uncertainty is propagated using Gaussian error propagation. The result is shown
in Fig. 4.36 together with the resolution from other line sources.
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Figure 4.36.: The energy resolution of the XENONIT detector at an energy of
2.82keV, based on the 3" Ar calibration data. Several other sources are shown. The
black line fit does not include the 3" Ar value. Due to the relative large error, the
change of the curve by including the 37 Ar value in the fit is negligible. Plot recreated
with data shown in [85].

4.11. Single electron gain measurement

The single electron gain gives the amplification factor of the gas phase of the TPC.
As this property is sensitive, among other things, to gas impurities, field-, and level
fluctuations, it is monitored to ensure data quality.

This information can be extracted by examining the distribution of small S2 signals,
which are most likely caused by single electrons. There is also no need for these
electrons to be caused by an external or internal calibration source. Any random
single electron can be used, they can, for instance, originate from field emission on
the cathode, from photoionization of electrodes and charge traps, or from delayed
electrons that were temporarily trapped on impurities or in the liquid-surface interface.

To access this information, the data needs to be reprocessed with a special minitree.
The minitrees used in the standard analysis only contain a pair of one S1 and one S2
which are considered to belong to the same event. The S2 considered in this pairing
is the largest in the event and thus is usually caused by clouds of multiple if not even
hundreds, thousands, or even more electrons. As mentioned in the AP analysis, also
the second largest S2s are saved, but these are usually much larger than a typical
single electron peak. The small S2 signals, caused by single electrons, are therefore
not showing up in these minitrees.
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4.11. Single electron gain measurement

The special minitree called "PeakExtractor’ can be used to access all peaks contained
in each event. For this analysis, 20 runs were used. These contain 13.7 million peaks
classified as S2. For comparison, the standard minitrees of the same runs contain only
512000 events, consisting of a pair of the largest S1 and largest S2. Based on these
numbers, every recorded event contains on average 26 peaks classified as S2.

The gas amplification factor is sensitive to local field variations which can be caused
by small differences in the thickness of the gas layer between the liquid-gas interface
and the anode. Two major contributions of these variations are:

e Mesh sagging:

The anode in XENONI1T is actually not a mesh, but a steel frame with tensioned
parallel wires. The electric field between gate and anode, gravity, and limited
tension, results in wire sagging in the center region of the TPC, where the
wires are the longest. This tension limit is chosen to provide minimal sagging,
but also be loose enough to not risk damage to the wire during the cool-down
and filling of the TPC. During detector cool-down, the wires contract much
faster than the frame they are fixed to. If the static tension is already too high
this shrinking may cause plastic deformation of the wire, resulting in a worse,
permanent sagging when the detector is in its cold running condition. In the
worst case the wire could even break, rendering the detector inoperative, as a
broken wire might cause shortcuts with other meshes or the field cage.

e TPC tilt:

The TPC is hanging inside a cryostat, which is floating inside a water tank.
Despite all movement being restricted by the support structure and the posi-
tion being fixed with high precision during the setup of the experiment, small
uncertainties resulted in a small tilt of the detector, with a significant im-
pact on the gas amplification factor. To provide a reference: the maximum
in height difference between two opposing sides of the detector was found to be
(0.63 £ 0.01) mm in [86].

To observe (x, y)-spatial variations in S2 gain, the surface of the TPC is divided
into sectors, as presented in Section 4.5.

Single electrons are identified in the dataspace of the parameters n_ hits and
range_ 50p_ area, where n_ hits is the number of PMTs contributing to the peak and
range_ 50p_area is the width of the peak in ns, containing 50% of the area.

Fig. 4.37 shows the single electron S2 distribution in this dataspace with two dif-
ferent selection ranges: one appropriate to Science Run 0 (SR0) data, which for the
later data used here cuts into the single electron distribution due to a different field

configuration, and a new selection to avoid this issue. Both selections are given in
Table 4.8.
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Figure 4.37.: Single electron S2 selection in the ‘range 50p area’ vs. 'n_hits’ data
space. Shown are two different selection ranges: an older one used in Science Run 0
(SRO), which later cuts into the single electron distribution, due to changed detector
conditions. To correct for this, a larger window for the 'n__hits’-parameter was chosen.

| | n_hits | range_50p_area |

| Selection | Min | Max | Min ns | Max ns |
SRO 12 30 50 450
Modified 12 36 50 450
No selection All data is used

Table 4.8.: List of selection cuts applied to the single electron S2 population.

To extract the single electron gain, the mean of the S2 area is needed. For this the
data with the modified selection are used. The distribution is not well described by a
Gaussian, as a first fitting attempt revealed. To compensate for the asymmetry, the
distribution was also fitted with a skewed Gaussian function:

Gskew(r) = a - e_(z5§)2 (I+erf(a- i/gf)) (4.19)

Exactly like for the 2D case, as introduced in Section 4.5, the mean of the Gaussian
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4.11. Single electron gain measurement
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Figure 4.38.: Single Gaussian fits on data selected with modified selection criteria.
Neither the normal Gaussian nor the skewed Gaussian describe the shape very well.
Additionally, the results for the mean of both fit functions can differ significantly.

is not directly given by the parameter &, but it can be computed with:

2 «o,
TV1+a?
The fit with the skewed Gaussian, however, also does not describe the S2 distribu-
tion very well. A direct comparison of both fits is shown in an example of one section
in Fig. 4.38. Both functions show a relatively strong shape bias in the residuals.
The same fit procedure was also applied to the raw data, without any selection at
all. In this case also other peaks are included, for instance, the two-electron peak,
which is also visible in Fig. 4.37, directly right of the modified selection at a number-
of-hits value of approx. 50. The raw data contains all peaks detected, this includes
also the S2 later paired into events, which can consist of hundreds and thousands
of electrons and is therefore not visible in the plot. These only make up a very low
fraction and can be neglected. The one with lower numbers (like 2 or 3 electrons),
however, can influence the shape and thus are taken into account by fitting a sum
of Gaussians to the distribution. A fit with three Gaussian is shown in Fig.4.39,

v =&+ (4.20)
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Multi-Gauss fit section 13

Mean (tripple Gauss):  26.628 +- 0.039
Mean (double skewed Gauss): 26.648 +- 0.383

7000

6000

5000

4000

3000

2000

Number of events

1000

5 _ L P ) _
0 — ----- .‘... w*’;w'—'#’;-g/—'-v#mwvwﬁ -------------------------------- -
—5f P B .. P N I I I I E

T —
UE e e , é
0F----- ‘n;OﬁAroé.f& 2.0 007 >

] # o0, ]
-5k P R R R R R S S E
0 20 40 60 80 100 120 140
S2 [pe]

Residuals [o]

Figure 4.39.: Summed Gaussian fit on all data of a single section (see Fig. 4.27) without
further selection. The first fit consists of a sum of three normal Gaussians with free
parameters. The S2 distribution is described well, without a shape bias as it was
observed for the single peak fits. A fit with a sum of 2 skewed Gaussians (with a
reduced fitting range) results in a very similar position for the S2 peak.

featuring quite satisfactory residuals.

A test with a sum of 3 skewed Gaussians was very unstable, resulting partially in
very low or high values for the skewness parameter and as such tampered with the
mean position of the first component. When reduced to a sum of 2 skewed Gaussians,
with a reduced fit range, this fit works more reliably. Also, the fit results are more
similar to the simple Gaussian fits, with a nearly identical result in the shown example.
The maximum observed difference of the S2 area was 0.5 pe over all 49 sectors.

Due to the stability issues observed for the skewed Gaussian fits and the nearly
identical results for both variants, the triple-Gaussian results are used in further
analysis.

The mean values of the first Gaussian from each of the section fits are arranged in
the map shown in Fig.4.40. A detector tilt is clearly visible. This map includes all
effects having an influence on the signal amplification, including mesh sagging, TPC
tilt, and even detector geometry effects, but is independent of the electron extraction
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4.12. Alternative charge yield calculation

Parameter: Mean of Gauss

24.97 26.69 284 30.11 31.83

180° 0°
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Figure 4.40.: Section map for the single electron S2 gain. Clearly, a difference in
gain between the two sides of the detector is visible. This indicates a variation of the
strength of the extraction field or the electron path length in the electroluminescense
region, caused by a variation of distance between the anode and the liquid surface,
which points to a slight tilt of the TPC.

efficiency. The average over all sectors yields a mean value for the single electron S2
gain of 28.949 4+ 0.036 pe.

4.12. Alternative charge yield calculation

The charge yield can also be calculated directly, based on the 3"Ar S2 data, without
the involvement of other calibration sources. This method is based on the corrected
S2 signal, including the spatial and drift-time corrections, using the fit result found
in Section4.7. For this fit, only the ¢S2 from the bottom array was used. As now
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4. Low-energy Electronic Recoil Calibration of XENONIT with 3" Ar

the full S2 signal is needed, this value is corrected with the mean fraction fuz * of all
events included in the selected volume.

The mean number of electrons freed by an interaction of 2.82keV, e.g. the charge
yield can be calculated with:

,ucs2l7
N, = 4.21
Eezt'G'<1_faft) ( )

’ Parameter ‘ Value ‘ Source ‘
fast 0.637 mean of data selection
€S2y 1302 £ 12pe | fit on 3TAr , see Section 4.4
ot 96.4 % official value for SRO
G 28.949 + 0.036 | single electron gain, see Section 4.11

Table 4.9.: List of values used to obtain the charge yield directly from the 37 Ar data.
The value of the extraction efficiency is taken from [87, 88].

Table 4.9 lists the values needed for the charge yield calculation. The value for
the single electron gain G is the one obtained in Section 4.11. The area-fraction-top
(AFT) value f, is calculated as the mean of the AFT of the individual events.

The extraction efficiency €., is based on an analysis done by the XENON collabo-
ration. With these values, the electron yield can be calculated:

e
keV

The value found is significantly larger than the one obtained from the results of the
Doke plot, which was 41.02 + 1.06 e/keV. The main reason for this is the used lifetime
correction based on the calibration with 83"Kr . As 37Ar data was found to be over-
corrected, this leads to a too large estimation for the S2, which directly impacts
the value of the electron gain. Refitting the 3"Ar data, this time corrected with the
electron lifetime calculated in Section 4.3, results in a mean cS2;, of 1239.6 + 2.3 pe.
With this value, the electron yield is calculated to be:

EYA" = (45.59 4+ 1.23) (4.22)

e
keV

This result is already closer to the value found earlier with the Doke plot, the
disagreement is however still significantly larger than the calculated uncertainties. As
it was shown during the analysis of the 3"Ar data, 3"Ar is sensitive to various effects,
so these values based on one source alone should not be considered as robust as the
one obtained from the Doke plot, which takes measurements of multiple sources into
account.

EYr . = (43.39 4 0.28) (4.23)

Mfraction of the S2 signal seen by the top PMT array to the total area-fraction-top
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4.13. S2-only analysis

One possible explanation is the use of the electron extraction efficiency based on
other analyses, as detector conditions might have changed since theses analyses have
been performed.

4.13. S2-only analysis

The analysis so far focused on the most frequent decay, the K-shell capture at 2.82 keV.
With a branching ratio of 8.7% (see Fig.3.1) the L-shell transition also produces a
significant number of interactions. As the decay energy of this transition is at 0.27 keV,
this offers the opportunity to calibrate the detector at even lower energies.

As it was shown in the previous sections in Fig. 4.33, the K-shell interaction is al-
ready affected by the S1-detection threshold of XENONIT. For the L-shell interaction
with a decay energy of 0.27keV, the mean number of produced scintillation photons,
using NEST for computation, is well below one photon, as shown in Eq.3.1. Taking
the light collection efficiency and the detection threshold of XENONI1T into account,
no detection of an S1 signal from this transition is to be expected.

According to NEST, the expected number of electrons at a drift field of 82V /cm
is ~73e” /keV or ~20 electrons in total. With the single electron amplification in the
gas phase, an S2 signal on the order of ~150 photons can be expected, which is well
detectable with XENONIT. To analyze L-shell events, only the S2 signals are used
and the requirement to have a valid S1 in an event is dropped. This so-called S2-only
analysis was already used in XENON10, XENON100, and XENONI1T in the search
for light dark matter [89, 90, 91].

For the first 3"Ar calibration performed in XENONI1T, the S2-only analysis of the
data was analyzed by Andrea Molinario and Emanuele Angelino at the University of
Torino 2. For completeness of the results of the 37Ar calibration, the results of this
analysis are summarized here, with additional information presented in [92, 93].

With the S2-only method, S2 signals down to a size of 90 pe, equivalent to ~3 ex-
tracted electrons, are evaluated. This lower threshold is chosen to reduce background
from single- and few-electron events from the analysis. As an upper limit 5000 pe
is chosen, as no larger 3"Ar -based signals are expected. In parallel to the L-shell
events, also the K-shell events are analyzed with this method to provide a crosscheck.
This is of particular interest as lowering the detection threshold came with the cost
of loosing the 3D-position reconstruction. The determination of the x-y-position of
an interaction is still possible, but due to the loss of the S1 and thus the drift time
information, the z-position can not be extracted in this analysis directly. However,
there is a relation between the depth of the interaction and the S2-signal width due to
electron diffusion during drift. The direct effect of the two different selection methods
are shown in Fig.4.41.

For this selection, a subset of data was used, including data taken after the ®3™Kr

2INAF-Astrophysical Observatory of Torino, Department of Physics, University of Torino and
INFN-Torino, 10125 Torino, Italy
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4. Low-energy Electronic Recoil Calibration of XENONIT with 37 Ar

source was closed and before the distillation started. A total of 6.9 days of data,
taken between day 7 and day 14 after the first injection, are used. For further data
selection, similar cuts as in the search for light dark matter are applied [39, 94].
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Figure 4.41.: Comparison of the effect of both data selection types. The red distribu-
tion shows events selected in the S1-S2 data space, where nearly no events of L-shell
interactions are selected. The blue distribution shows the events when the requirement
of an existing S1 is dropped. Here the L-shell events appear, but also the number of
K-shell events is increased slightly by events that were not accounted as valid before
due to a missing S1. The non-Gaussian shape of the K-shell S2 is caused by the
missing z-position correction. For increasing depth of interaction, the mean of the S2
slightly changes to lower values due to losses during electron drift. Additionally, the
width of the S2 signal increases due to diffusion. The combination of the mentioned
effects results in the observed shape for the K-shell peak.

Data selection

To minimize the impact of field inhomogeneities, only events within a radius R <
26.5 cm are used, which is a much tighter selection than the 47 cm used in the S1-S2
analysis. Another cut applied to the 3"Ar data is a selection in S2-width. Its selection
range was modified compared to the light dark matter search, now passing all events
with an S2 width between [300, 4000]. Although the z-position cannot be measured
directly over the drift time, it can still be addressed via the S2 width as this is caused
by diffusion of the electrons during drift. Therefore the S2 width cut removes events
interacting near the top and bottom of the detector.
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4.13. S2-only analysis

Further, a cut on the S2-area-fraction-top parameter is applied. This cut was
slightly modified, removing events with a signal fraction of larger 69 % seen by the
top PMT array. Signals with this structure are usually caused by interaction in the
gas phase.

If an event contains more than one S2 with similar characteristics to the main S2,
it is targeted by the cut to remove multiple scatters (although it is most likely only
a random similarity as multi-scatter events are highly unlikely at these energies) and
as such rejected.

Events are also checked for S1 signals and possible pairings with the main S2. If
one possible pairing coincides with a z-position that fits with an interaction on the
cathode, it is also excluded.

Fit model

As can be seen in Fig.4.41, the detector response for single S2 signals, especially for
the K-shell events, cannot be simply described by a (skewed) Gaussian model as for
the S1-S2 analysis. This is a result of the missing z-information and thus missing
drift-time correction.

Instead, a parametric model is used to describe the detector response. In this
model, the S2 spectrum is modeled in three steps. In the first step, the expected
rate for a certain number of produced electrons 7,(n.) is calculated. This number
depends on the energy of the interaction type rates Rx and Rj, (as the model is used
for both, the K- and L-shell decay), and the branching ratio between the different
decays and their respective electron yields EYx and EY7. In the second step the rate
rp(k, z) for different numbers of extracted electrons k is calculated. This is highly
dependent on the interaction depth z and as such dependent on the electron drift
velocity and electron lifetime. Finally, the extraction efficiency is also applied to
get the rates for k extracted electrons. In the last step the S2 rate R(S2,z) based
on r,(k, z) is calculated, using the single electron gain and applying reconstruction
bias and smearing in dependence of the x-y-position of the interactions. The later
mentioned parameters are extracted either from simulations (reconstruction bias) or
are based on calibration (x-y-smearing). A more detailed description is provided in
[92].

The acceptances of the above cuts are applied to the model before applying the fit
to the data. In this fit five parameters are free to vary, namely the decay rates Rg
and Ry, the electron yields FYx and EY7, and the electron lifetime. The latter is left
free to provide an independent verification for the values obtained in chapter 4.3.
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Figure 4.42.: The best-fit model (red line) is shown together with the data (black.
points). The lower panel shows the residuals of the fit. The grey regions show the
areas that are excluded from the fit. The fit-relevant regions were chosen such that
95% of the peak areas are included in the fit. The regions outside this selection are
excluded as the model does not describe the tail regions of the peaks very well, a fact
which s also reflected in the residuals in these regions. Note the logarithmic x-azis.
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4.14. Electron and photon yield in liquid xenon from the 3" Ar calibration

Results

The combined K- and L-shell decay S2 spectrum and the result of the model fit to
the data is shown in Fig.4.42. Both peaks are fitted simultaneously with the model.
Only the central regions of the peaks (containing 95 % of the peak area) are included
in the fit. The tails of the peaks are excluded, marked as grey regions, as they are
not described well by the model. Overall, the fit is in good agreement with the data,
resulting in a reduced x?/ndf = 135/111.

The best fit parameter provides results for the electron yield for both decays, the
L-shell:

EY(0.27 keV) = 68.0753 ¢~ / keV (4.24)
and for the K-shell:

EY(2.82 keV) = 40.0737 e~ / keV (4.25)

Additionally, the K- and L-shell event rates, which were also free parameters, can
be used to calculate the branching ratio of the two decay modes. This results in a
value of:

L/K = (10.11 £ 0.44) % , (4.26)

which is in good agreement with the expected value of 9.67% [70]. This result
confirms a good understanding of the S2 detector response at both 3" Ar decay energies.

4.14. Electron and photon yield in liquid xenon
from the *"Ar calibration

Based on the analysis in the S1-S2 data space and the analysis based on S2-only, new
values for the photon and electron yield of 37 Ar were obtained. The data was taken at
the standard running conditions of the XENONI1T detector at a drift field of 82V /cm.
Fig. 4.43 shows the results obtained and presented in this work in comparison to
other measurements of xenon-based detectors. The results for the 2.82keV interac-
tion are generally in good agreement with other measurements, especially with the
CH;T based measurement from the LUX experiment [95]. The largest disagreement
is observed when comparing the result with the ones obtained with PIXeY, although
this data was taken at higher drift fields [72]. A better agreement is achieved with
the results of the Xurich II TPC, which was operated under similar conditions as
XENONIT [96].

The S2-only analysis adds a data point for the electron yield in the sub-keV range,
where only two other experiments contributed so far, measuring a value below the
one predicted by NEST.
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Figure 4.43.: Summary plot for the photon and electron yields obtained during this first
calibration of the XENONIT detector with 3" Ar. The results are shown together with
ER measurements of other zenon-based detectors in a similar energy regime. These
include results from LUX, based on CH3T and *"Xe [97], and measurements of the
smaller Xurich Il and PIXeY TPCs. Also shown is a XENONIT measurement based
on 2°Rn as well as an older result from XENON100 based on CHsT [68, 98].

4.15. Impact of 3’Ar calibration on the XENON1T
low-energy electronic-recoil excess

In 2020 the XENON collaboration published a paper describing an excess for elec-
tronic recoils at very low energies observed in XENONIT [77]. In this paper, the
ER data taken during the first science run of XENONIT is fitted with a sophisti-
cated background model including the standard background sources present in LXe
detectors like #Kr and 2'4Pb, a daughter of ?*?Rn which is emanated from the de-
tector materials. The model also includes components based on decays of unstable
and meta-stable xenon isotopes that are produced during a neutron calibration of the
detector. Even a solar neutrino component is part of the model, which when fitted
to the data, showed a 3.3 o deviation from the expectation in the 1-7keV region.
After the exclusion of systematic and instrumental effects, several signal models were
examined to describe the excess. In the following a summary of the possible causes
of the excess is given as discussed in the XENONIT excess paper. The signal models
discussed are:

128



4.15. Impact of 3" Ar calibration on the XENONIT low-energy electronic-recoil
excess

Tritium contamination:

Tritium is the heaviest hydrogen isotope, which decays via S-emission and has
a half-life time of 12.3 years. With a Q)-value of 18.6keV, it can be a source
for the observed excess. Tritium can be introduced into the system via the
capture of atmospheric hydrogen into the materials used in the construction of
the detector. Atmospheric hydrogen can be activated by cosmic radiation, but
it can also be produced by spallation processes of cosmogenic produced neutrons
on xenon even in the underground facilities of the LNGS.

The fit of the model to the rate results in a tritium concentration which would
be an equilibrium between emanation and removal, as tritium, predominantly
present in the form of HTO or HT, would be removed by the getters. Additional
limits on the tritium content are given by the achieved electron lifetimes, as
the tritium compounds would have a significant impact on the achieved value.
In conclusion, as no direct measurements of the tritium concentrations were
performed during the run-time, tritium can neither be confirmed nor excluded
as a background.

Solar Axions:

Introduced as a solution to the strong CP problem [99], axions, under certain
circumstances, also provide good candidates for dark matter. From cosmological
and astrophysical observations it can be concluded that the axions, which were
created in the early Universe, have masses well below the keV range and thus
cannot be observed with XENONIT [100, 101, 102|. Solar axions however, for
example from the isotope ®"Fe, which is relatively abundant in stars, would
deposit energies in the low keV range [103], which is well inside the detection
range of XENONIT. A much more detailed explanation of the coupling strengths
and the axion flux components that contribute to this model can be found in
the XENONI1T excess paper [77].

Neutrino Magnetic Moment:

Due to the observation of neutrino oscillations, the SM needs to be extended
to include the neutrino mass. As a result it will also have a magnetic moment
[104]. From the SM, a value for the magnetic moment of p, ~ 107%up can
be calculated, with pp being the Bohr magneton. Current detection limits
based on solar and reactor neutrino measurements are in the order of 10~ up,
observations based on astrophysical observations reach one order of magnitude
lower [105].

An enhanced magnetic moment in the order of 10~ 15 would be in the detection
range of XENONIT. In the case of the XENONIT analysis of the low ER
excess the expected neutrino spectrum would be added to the background model,
including the effects expected from elastic neutrino scattering. As for the other
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candidates a more complete explanation and additional sources on this topic
can be found in the XENONIT excess paper |77]

e 3"Ar contamination:

The 37Ar decay energy is exactly in the ROI of the excess. Therefore possible
ways of an 3" Ar contamination were also examined to explain the excess. Only
two possible ways of an 3" Ar contamination were identified to be able to impact
the data in the observed magnitude.

The first is an initial contamination of the used xenon. Due to the time difference
between the filling of the TPC and SR1, the time period during which the data
used in this analysis was taken, and taking the half-life time of 37Ar of 35
days into account, it is expected that the amount of 37Ar left after natural
decay is negligible. Additionally, as previously shown, 37Ar is removed during
krypton distillation, so that any leftover from an initial 3" Ar contamination can

be excluded.

A second possibility is continuous contamination by 37Ar present in the air via
a leak. The leak rate of the XENONIT system can be estimated based on the
nalKr increase in the system after distillation. Based on a measurement of the
37TAr concentration in the experimental hall, a 3" Ar rate of < 5.2 events/(t-y) is
expected, while a rate of > 65 events/(t-y) is needed to explain the excess [106].

During the calibration with "Ar, more specifically when obtaining the electron
lifetime with 37Ar, it was observed that for low-energy interactions the S2 signals are
reconstructed smaller than expected. As shown in Section 4.3, it was found that for
small signals the main S2 and following APs may be separated and thus missing in
the S2 peak saved in the minitree. As shown in the XENONIT excess paper, when
fitting a peak to the excess, the best fit is obtained with a peak at an energy of 2.3
keV, which is well within the range where the AP issue might affect the analysis [77].

Besides the AP correction to the data, the fit model for a single peak contribution
used was changed from a simple Gaussian to a skewed Gaussian. This is also based
on the observations made during the 3”Ar analysis, as discussed in Section 4.5.

The implications of these corrections on the data and fit are shown in Fig. 4.44. As
shown, the impact on the data, especially in the excess region is negligible. Although
the effect of changing the fit function on the shape is minimal, the best-fit peak energy
moves from 2.3 keV which resulted from a Gaussian to 2.4keV for the updated model
with a skewed Gaussian peak.

An answer to the question, if the excess is really a signal or if it was just a statistical
fluctuation, was one of the most anticipated results after the upgrade to XENONnT.
For the XENONNT result, a total exposure of 1.16 tonnexyears was used. In this
data, the achieved background level is roughly a factor 5 lower than the one achieved
in XENONIT, as can be seen in Fig.4.45. No peak or excess, however, is observed
in XENONnT using a blind analysis. As no excess has been found, new limits were
set and parameter space was excluded for the before-mentioned models. As a result,
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some sort of contamination, most likely with tritium, was responsible for the excess
in XENONIT. In this case, the absence of a signal in XENONnT would result from
improved cleaning and prevention measures, especially regarding tritium, taken during
material selection and construction of the detector [107].

---- Background only -==- 37Ar K-shell energy

—— Skew Gaussian model (2.4 keV) ¢ SRI1 data w/o afterpulse correction
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Figure 4.44.: Impact of the corrections learned from the 3" Ar calibration. The data
are corrected for the afterpulse effect (black points vs. grey points), which only shows
a minimal effect at very low energies below 6keV. Additionally, instead of a simple
Gaussian peak a skewed Gaussian is used to fit the excess (solid red line vs. dotted red
line). QOwverall the impact on the excess when applying the corrections is negligible. For
completeness the energy of the 37 Ar decay is shown, which also has a significant offset
compared to the best-fit results, discouraging *" Ar as the source of the excess, besides
all the other arguments already pointed out. The data re-analysis shown in this plot
was performed by Evan Shockley.
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Figure 4.45.: Direct comparison of data from XENONI1T (blue points) and XENONnT
(black points), fitted with the corresponding background models only. It is clearly visible
that the background level in XENONnT is about a factor of 5 lower than the one from
XENONIT. Also, no excess is observed in XENONnT. Composition plot created by
Jingqiang Ye [77, 107].

4.16. Summary and conclusion

After an initial rate-based analysis, presented in the previous chapter, the distillation
process is re-analyzed, this time using a proper 37Ar event selection to calculate the
event rate. The resulting rates are fitted with a simple exponential model. The
fit results in a distillation time constant of 7 = 1.972 + 0.013 days, which means a
reduction of rate by a factor of ten every 4.543 + 0.030 days. After this first calibration,
the background event rate at the 37Ar energy was reached again after 24 days of
continuous distillation. This time span is considered reasonable for removal, rendering
this a viable source between science runs, not only at the end of the experiment. This
is actually realized between SRO and SR1 of XENONNT.

Calculating the electron lifetime based on 37Ar data results in a lifetime of (947.00 +
0.18) us. This value significantly differs from the one used so far for corrections, based
on data taken with ®™Kr | which has a value of (832.62 £ 0.43) us. It was found
that the electron lifetimes differ due to field inhomogeneities. These inhomogeneities
not only affect the drift times of electrons but also the ratio of produced electrons
and photons during an interaction. Applying a field correction to the S2 results in
very similar values for the electron lifetime of different sources at different interaction
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energies. The newly computed values are very close to the corrected one of 37 Ar with
a lifetime of (921.30 £ 0.19) us.

In the next step, the charge and light yields of 37 Ar were calculated. To achieve this,
a suitable model for the asymmetric shape of the S1-S2 distribution was developed.
This included the use of a two-dimensional, skewed Gaussian function. Additionally,
due to the very low energy and therefore very small S1 signal, the detection threshold
of XENONIT needs to be accounted for. As the shape of the signal was found to
be strongly position dependent, causing an additional distortion of the signal peak,
the TPC-volume was divided into smaller sub-volumes, which were fitted individ-
ually. The resulting mean values for the light and charge yield were found to be
4.625 + 0.044 pe/keV and 461.906 + 4.636 pe/keV. These values for 37 Ar were added
to the so-called Doke plot, including already a variety of other calibration sources,
where a fit, now including the 37Ar data results in the detector-dependent photon
and electron gain of 0.143 +0.001 pe/ph and 11.260 +0.103 pe/e~, respectively. From
these, in turn, the detector-independent photon and electron yields for the 37Ar en-
ergy of 2.82keV can be calculated to be 32.27 £ 0.52 ph/keV and 41.02+1.06 e~ /keV,
respectively.

Besides the main K-shell peak at 2.82keV, also the L-shell peak at the smaller energy
of 0.27keV was analyzed. For this, a special data format was needed, as events at
this energy do not have a valid S1-S2 pair. In this analysis, based solely on the S2
signal, an electron yield of 68.0fgj?7’ e~ keV is found. To validate the procedure, also
the K-shell peak was reevaluated and an electron yield of 40.0137 e keV was found,
in agreement with the value found in the analysis of the combined S1-S2 signal.

As the 3"Ar decay energy is in the range of interest (ROI) of the XENONTIT excess,
these data were re-evaluated taking the findings of the 37Ar analysis into account.
This especially addresses the AP correction for low energy data and the usage of a
skewed Gaussian function to model the excess, instead of a symmetric one. Although
some event numbers are changed by the AP correction, the positions and magnitude
of the excess remains unaltered.

In conclusion, the calibration with 3"Ar offer a novel, complementary calibration
source with applications similar to the already used 33 Kr source. Compared to 83" Kr,
3TAr is comparatively insensitive to field effects and uniquely provides a calibration
point for the S2-only analysis with its L-shell decay at 0.27 keV. Additionally, due to
the much lower energy close to the XENON1T detection threshold, 3" Ar highlighted
some areas in the analysis chain, that needed improvement to properly describe low-
energy events, including AP correction, field correction and a skewed Gaussian-based
peak modeling. These factors are already included in the improved analysis routines
used in XENONT1Ts successor XENONNT, where a short outlook is given in the next
chapter.
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5. 37"Ar Calibration of the
XENONNRNT detector

In 2021 the next generation detector XENONnT was commissioned. Based on the
same working principles, it introduced a significantly larger TPC with a diameter of
1.328 m and a height of 1.485m. This allows for the usage of an increased active
Xenon mass of 5.9t, which in turn results in a higher fiducial volume which is in-
creased from 1.3t to 4.18t [59]. The infrastructure needed to operate XENONNT is
directly inherited from XENONIT as it was already foreseen during the construction
of XENONIT. The muon water tank and the outer cryostat as well as most of the
gas purification and storage system are reused.

There are, however, some additions to improve detector performance and adapt to
the higher detector mass. A liquid purification stage and an online radon distillation
column were added to further increase xenon purity as well as a second storage facility
to accommodate the larger amount of xenon used [108, 109]. An additional Cherenkov
detector was added in the water tank to veto neutrons, which can mimic WIMP signals
in the TPC (XENONnT paper in preparation). Another upgrade is a permanent
3TAr injection branch added to the calibration system, enabling a 37Ar calibration in
between science runs without additional hardware work besides ampule exchange.

This system upgrade is presented in chapter 5.1, the first calibration procedure is
explained in Section 5.2, and Section 5.3 gives a first outlook on the data analysis in

XENONNT.

5.1. Calibration system upgrade in XENONnNT

With the upgrade to XENONT, the 37Ar calibration system was permanently inte-
grated into the calibration system. The main working principle of the system remained
the same, as well as the main components, which were reused from the XENONIT
system. The arrangement, however, was optimized, based on the experience with the
first calibration performed in XENONIT.

The ampule opening system using a guillotine mechanism as shown in Fig. 3.5
stayed unchanged. The system was rearranged in such a way that after the ampule
opening the first dilution is into a small VCR cross (DV-Cross) and after that into
the activity camera volume. An additional cold trap (CT-A) was added after the
camera volume, allowing evacuation of cross and camera volume and thus creating
an active flow of the 3"Ar -Xe gas mixture. This has proven to be much faster and
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more efficient for mixing than relying on diffusion only. This arrangement of the first
rough dilution volumes also allows for the repeated filling of these two volumes from
the ampule volume, which is helpful in case of a weaker source or if larger injections
are needed. The camera setup was not operational during this first calibration, but
the volume of the camera is crucial in achieving a sufficient dilution from the very
high rate source of order O(100kBq) to the needed activity for the detector of order
O(10Bq).

The regulating valve intended for fine dosing with continuous activity selection was
removed. On the one hand, this kind of valve is not designed to close tight (although
the one used in XENONIT was modified to achieve this), on the other hand, during
the XENONIT calibration it became clear that this feature is not necessary.

Instead, a fixed arrangement of four valves with well-known volumes in between
them was used for dosing. As all the volumes were evacuated via the second cold trap
(CT-B) and thus gas transport was achieved via flow and not diffusion, the dilution
process proved to be very reliable and is based only on the volume ratios. A pressure
measurement is not necessary, but a pressure transducer is still present if the filling
status of the system needs to be checked. Fig.5.4 shows a schematic of the new
arrangement together with the realization at the experimental site. Tab. 5.1 gives the
possible injection strengths for an initial ampule activity of 100 kBq.

Volume Name Volume | Activity (target) | Activity (calibration)
[om”] B [Bql

Ampule container 182 100000 37635

Activity camera 327 2224 837

DV-Cross 4.14 15.68 5.90

DV-A 3.2 8.69 3.27

DV-B 1.26 3.42 1.29

Table 5.1.: Volumes of the system that are used to dilute the activity and the resulting
dosing step size based on an initial ampule activity of 100kBq, the target activity of
the irradiation. The volumes are extracted from the CAD models of the setup and the
valves. The error of the volumes is neglected here, as they are estimated to be much
smaller than the uncertainty for the activity of 10%, based on experience from irra-
diation in the Mainz TRIGA reactor. Activities at the time of calibration (corrected
for the natural decay of 3"Ar) are given in the right column, thus representing the
estimated activities used for the dosing during the calibration of XENONnT.
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(b) Picture of the new 37 Ar dosing system.

Figure 5.1.: New dosing system for XENONnT, now permanently installed in the
calibration section of the gas recirculation and purification system.
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5.2. First 3"Ar calibration in-between science runs in
XENONNT

The first 3"Ar calibration in between science runs in XENONnT was done in Decem-
ber 2021 after the first science data collection of the XENONnNT detector. The actual
calibration started 43 days after the irradiation of the ampule, which was again tar-
geted to achieve 100 kBq. This delay reduced the overall activity in the ampule to
approx. 37.6 kBq based on the argon half-life of 35days. This of course also reduces
the injection step sizes to the new expected values given in Tab.5.1.

As the injection system was new, as well as much of the detector and detector
infrastructure had changed compared to the calibration in XENONI1T, the first injec-
tions were planned to be small to test the detector response. A second reason for this
slow approach is the fact that the absolute activity contained in the ampule cannot
be measured beforehand, thus a careful approach to the desired calibration rate is
chosen. This second reason, however, is valid for every new ampule produced, making
this first slow rate increase at the beginning of a calibration a mandatory step.

Injection Time Injected Activity | Cumulative Injected Activity
[d:hh:mm]| [Bq| [Bq]
1 0:00:00 1.3 1.3
2 0:04:17 3.3 4.6
3 0:22:11 5.9 10.5
4 1:04:52 10.3 20.8
5 1:23:10 41.7 62.5
6.1 2:23:19 40.8 103.3
6.2 3:00:43 39.8 143.1
6.3 3:03:53 33.2 176.3
7 6:03:42 37.9 214.2

Table 5.2.: Injection steps performed in the first 37 Ar calibration of the XENONnT
detector. As in XENONIT, a series of small injections was performed to verify the
order of magnitude of the activation in the > Ar ampule, followed by larger steps to
increase the measured rate to the target activity. The size of injections also takes the
reduction of the source volumes into account. Injections 5, and 6.1 are injected from
the same dosing volume, but they are also filled from the camera volume, which for
the later refill of course contains less activity than before, thus the reduction from
41.7 Bq to 40.8 Bq between these two injections.

Learning from the XENONIT calibration, 3" Ar has shown to be a valuable source
that can be used for cross-checking many different analyses or calibrations. One main
goal of this calibration is the creation of correction maps directly comparable in detail
to the one resulting from weekly 83"Kr calibrations. To achieve this approximately
107 events are needed. The time frame given for the full rate calibration, excluding the
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Figure 5.2.: Calibration of the XENONnT detector with *"Ar . Shown are the mean
rates per data run, with a simple source selection in S1-S2 space, for the two sources
3T Ar and 3™ Kr with black and blue data points, respectively. Fig. 5.4a shows the rate
increase for each of the injection steps listed in Table 5.2. During the red-marked time
windows, no 3" Ar data is available due to technical issues of the detector. Also, a pile-
up effect is observed as soon as the 83" Kr source is added, with a sudden reduction in
the observed 3" Ar rate. Fig. 5.4b shows the end of the distillation, with the expected
exponential reduction in rate. A 83" Kr calibration with a high rate (not shown) was
performed during this episode, resulting again in a rate reduction caused by pile-up.
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activity trial phase, was 4 days of data taking. These were also split into two modes:
two days of 3"Ar data only and two days of 3"Ar in parallel with an open 8"Kr
source, to allow direct comparison between both sources at the exact same detector
conditions. Due to pile-up effects the planned injected rates are not expected to be
directly observed, at least not for higher rates.

5.3. First look at XENONNT data

The general approach of analyzing the data in XENONNT is identical to XENONI1T.
Before the data analysis, a series of cuts is applied to reduce background and identify
and remove bad events. The cuts are very similar in function to the ones applied in
XENONIT but adapted to the different detector conditions of XENONNT. Therefore
only a short summary and explanation is given here.

A first set of cuts is applied to ensure data quality. This includes a check that the
recorded events are not too close in time to run boundaries or other hardware-related
vetos. This avoids splitted (between datasets) or incomplete events caused by a too
high rate. It is also checked that at least 3 PMTs have contributed to a signal and
that one of the designated S1 or S2 of an event actually created a trigger, otherwise
the event is considered an accidental coincidence and is discarded.

Further cuts are applied addressing directly the event attributes. Each peak of an
event (S1 and S2) is checked for its shape, light pattern in the PMT arrays, and the
number of PMTs that contributed to the peak. These cuts try to eliminate falsely
classified single electron and gas events, for example.

The XENONT data taken during the 3”Ar calibration period is shown in Fig. 5.3.
The event distribution in corrected S2 vs. corrected S1 data space is shown after the
basic quality and peak cuts are applied. The data includes the 37Ar peak, which is
visible in the lower left corner at 15pe in S1 and 1800pe in S2. #™Kr peaks are
visible at 300 and 400 pe in S1 and 8000 pe in S2, due to the double decay structure
of 83mKr .

An extra complication is introduced in XENONnNT by the design of the gate elec-
trode. To minimize wire sagging and the possible resulting field distortions, the gate
has two transverse supporting wires below the actual electrode wires. These wires
have caused larger than anticipated field distortions, resulting in strong effects on
event position and gas amplification [110]. A simple solution to minimize their im-
pact is to remove the affected events via a cut. This cut removes all events within a
certain distance from the wires. While this increases data quality it also comes with
a large reduction of detector volume, as the wires are close to the center of the TPC.
The effect of the wires on the reconstructed event distribution and the cut effect is
shown in Fig. B.29 in the appendix on page 225.

One major difference in the operational conditions between XENONIT and
XENONDT is the applied drift field. While in XENONIT a field of 82V /cm was
applied, a field of only 23V /cm was achieved in XENONnT [110]. This results in a

140



5.3. First look at XENONnT data

higher photon yield and therefore a lower charge yield compared to XENONI1T, as
shown in Fig. 2.1 in Chapter 2.1. For an 3"Ar interaction therefore larger Sls and
smaller S2s are to be expected, compared to XENONI1T. Another factor influenced
by the field is the drift speed of the electrons. Besides the larger distances due to
the increased height of the detector, the lower field will additionally increase the drift
time of the electrons.
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Figure 5.3.: Data taken during the 3" Ar calibration run of XENONnT. Besides the
3T Ar source also 3™ Kr was injected simultaneously. The 37 Ar peak is visible in the
lower left corner at an S1 of 15 pe and an S2 of 1800 pe. The 83" Kr peaks are visible
at an S2 of 8000pe and S1 values of 300pe and 400 pe for the 32keV and 41.5keV
line, respectively. For the 3™ Kr events, most of the 32keV line and the 9keV line
are removed by the single scatter cuts.

Electron lifetime in XENONRNT

For the electron lifetime estimation, data selection is done in the same way as in the
previous XENONI1T analysis. An energy region is selected by selecting events within
a certain area in the S2 vs. S1 space. For 37Ar all events with an S1 < 50 pe and
500 pe < S2 < 4000 pe are considered. Due to the lower field and larger dimensions
of the TPC, the drift time is much longer, with a maximum drift time of 2.2 ms,
compared to 750 pus in XENONIT.
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(b) Exponential fit on S2 size for electron lifetime estimation.

Figure 5.4.: Electron lifetime estimation for XENONnT. Fig. 5.4a shows an example
of a time slice fit. Clearly, the skewed Gaussian fits the shape better than the normal
Gaussian function. Fig. 5.4b shows the exponential fit to the mean values obtained in
the slice fits, resulting in an electron lifetime of (16425+ 13) us. As uncorrected data
is used, the same feature of a missing AP correction as in XENONIT is observed for
the top region of the TPC.
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The procedure applied is the same as in XENONI1T. The drift time is divided into
150 time intervals. In each time interval the event distribution is fitted, an example is
shown in Fig.5.4a. A normal and a skewed Gaussian function are used as fit models,
whereas the skewed Gaussian model achieves a better agreement with the data, as is
visible in the residuals.

The mean values resulting from the fits are plotted against the drift time and fitted
using an exponential function. The most striking difference to XENONI1T is the loss
of S2 area over time. Despite the much longer drift time, the loss is much weaker.
This is a result of the additional xenon purification facilities added in the upgrade,
that were mentioned already earlier. This is also reflected in the resulting life time
constant from the exponential fit. For XENONNT, the electron lifetime is computed
to be (16425 + 13) us. This is a factor 18 longer than XENONIT and nearly a factor
8 longer than the maximum drift time in XENONnT. The fit is shown in Fig. 5.4b.
XENONNT has thus achieved the longest electron life time in a LXe TPC.

The electron lifetime is extracted from the uncorrected S2. Similar to XENONI1T,
the 3"Ar data in the top part of the TPC is affected by the missing AP in the S2 size
reconstruction.

S1-S2 distribution

When looking at the data in S1-S2 space and comparing the uncorrected and cor-
rected events, there is a major difference between the two detectors. The effect of the
corrections is much more prominent in the XENONI1T data than in the XENONnT
data, as shown in Fig.5.5. The main reason for this is the much longer electron life-
time achieved in XENONnNT. In XENONIT, the lifetime was of similar length as the
drift time of the electrons, resulting in a significant loss of electrons. In XENONnT
the lifetime is a factor of 8 greater than the drift time. In XENONNT the 33™Kr based
lifetime is still used as the basis for corrections, but due to the long lifetime the effect
of over-correction, as observed for 3"Ar data in XENONI1T, is not observed.

The already mentioned complication caused by the transverse support wires of the
gate is also visible here in the form of a population with higher S2 values. Figures
5.5b and 5.5d still show a remnant of this population, visible for S2/¢S2 > 3000 pe,
although the cut to remove the events close to the wire has already been applied.

Notice the greater mean c¢S2 signal in XENONIT peaking around ~ 3500 pe, com-
pared to the one of XENONNT at ~ 1800 pe. This is mainly caused by the higher
extraction efficiency in XENONIT of €,,; = 96.4 % compared to the one of XENONnT
with €.px > 70 % near the perpendicular wires and €., ~ 53 % in the rest of the area
[111].
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Figure 5.5.: Direct comparison between 3" Ar data taken by XENONIT (left) and
XENONnT (right). The impact of the corrections on the shape of the event dis-
tribution s much smaller in XENONnT than in XENONI1T, mainly due to the much
longer electron lifetime. Also as 3" Ar and 3™ Kr result in more similar lifetimes, the
over-correction observed in XENON1T is negligible in XENONnT. Despite the applied
wire-cut, the effect of the transverse support wires is still visible. The small excess in
the XENONnT 37 Ar distribution at around csl~ 10-20pe, cS2~ 3000 pe is a remnant
of the population caused by the wires, which is already strongly reduced by the cut.

5.4. Summary and Outlook

After the successful calibration of XENONI1T with 37Ar and, more importantly, the
successful removal thereafter, the calibration with 3"Ar was also performed in the
XENONNT detector. This time the calibration took place between SRO and SR1 of
XENONNT, with a successful removal before the start of SR1. The system used for
injection is now permanently installed into the calibration system and can be used for
repeated calibrations after a new 3”Ar ampule has been installed.

After calibration, the 3"Ar data was used to estimate the electron lifetime in the
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new detector. It was found to be much longer than in its predecessor XENONIT,
due to several upgrades in the xenon purification system. The lifetime for 3"Ar was
found to be (164254 13) us, in agreement with other sources [107]. In addition to
being a complimentary calibration source to 83"Kr at low energies, the calibration
(already of XENONIT) with 3" Ar introduced several improvements in data analysis.
Low energy modeling was changed from a pure Gaussian to a skewed Gaussian and
the importance of field and AP correction was highlighted [107].

As indicated after the XENONIT calibration and confirmed with the first calibra-
tion in XENONNT, this type of calibration can be performed in between science runs.
The preparations on site require minimal work, only replacing a flange holding the
ampule, followed by a pumping period of a few days to clean the calibration volumes.
A few days of data taking are enough to reach a sufficient amount of data for creat-
ing correction maps and measurement of the electron lifetime. This is followed by a
distillation period of about three weeks to remove the 37Ar from the system, reaching
the pre-calibration background levels again. The whole process can be completed
within four weeks, where during most of the (distillation) time other tasks, tests, and
upgrades can be realized in parallel. The benefits gained by this calibration have al-
ready shown to be worth the time invested, so future calibrations are expected to be
included in between science runs, to further monitor and validate detector conditions
in XENONnT.
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6. Semiconductor photon detectors

6.1. Introduction

This chapter will introduce the working principles and properties of semiconductor-
based photon detectors with a focus on SiPMs. These sensors were investigated as they
are potential candidates to replace the PMTs in a dual-phase xenon TPC to improve
position reconstruction and radio purity. For this, they have to satisfy certain criteria,
such as sufficient sensitivity for xenon scintillation light and manageable dark count-,
crosstalk- and afterpulse rates.

The basic working principles of photodiodes, the smallest building block SiPMs are
made of, are described in Section 6.2. This is followed by a description of the complete
SiPM composition.

Section 6.3 summarizes various characteristics of SiPMs, like signal gain, afterpuls-
ing, crosstalk, and dark count rate and their dependence on the applied bias voltage.
These properties need to be characterized for each sensor individually to properly
understand and interpret the response of the sensor when used in an experiment.

6.2. Working principle of SiPMs

Basic principles of solid-state photon detectors

A SiPM is a solid-state detector capable of detecting single photons. It is based
on the working principle of a photodiode operated with a reversed bias voltage. A
simple photodiode consists of two layers of differently-doped semiconductors. For
example, photodiodes, like most modern electronics, are based on silicon which has
four electrons that are used to form a lattice. In the crystal the atoms are close enough
together so that their electron orbitals start to overlap, forming energy bands. The
relevant bands for electrical conductivity are the valance band, where the electrons
are bound to the atom and the conduction band where they can move freely through
the crystal. In electrical conductors these two overlap, allowing an easy transition for
electrons from the valence band to the conduction band. An electrical insulator has a
large band gap in the order 10 eV, prohibiting electrons from entering the conduction
band, also by thermal excitation. Silicon, a semiconductor has a small band gap of
1.11eV [112]. An example of the different band structures is shown in Fig.6.1. The
band gap value can be used to estimate the minimal energy a photon needs to provide
to lift an electron into the conduction band.
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Figure 6.1.: Left: Comparison of band structures for metals (conductors), insulators
and semiconductors. The bands are created by the overlapping orbitals of neighboring
atoms in the crystal structure. For conductors, the valence- and conduction bands
are overlapping and electrons can change freely between them. For insulators the
band gap is usually in the order 10eV. The band gap of semiconductors is smaller,
allowing a transition of the electron with a lower energy deposit, e.g. by a photon
or thermal excitation. Right: Band bending at a P-N-junction due to doping. An
incoming photon can create an electron-hole-pair, and the created charge carriers move
according to the present electric field. The formation of the depletion zone and the
resulting fields is shown in more detail in Fig. 6.2.

Doping is achieved by introducing impurities into the material with a different
amount of electrons in the outermost orbital compared to the bulk material. Doping
can be achieved with a material with five or more electrons in its outer orbital, leaving
electrons free to traverse the lattice. In this case, the semiconductor is called N-doped
and the impurities are called donors, as they provide free electrons (which are the
majority charge carriers) in the N-region. On the other hand, if an impurity with
three or fewer outer electrons is introduced, a hole (missing electron) in the lattice
is formed (and acts as the majority charge carrier) in the P-region, which creates a
so-called acceptor in this P-doped semiconductor.

SiPM structure

If a P-N-junction is created by bringing a P- and N-doped material in contact, the
free electrons of the N-region move to the P-region to fill the holes. This leaves
a region in between the materials without free charge carriers, called the depletion
zone. This movement of electrons also leaves positive donors in the N-region and
negative acceptors in the P-region, creating an electric field that slows down this
process until an equilibrium state is reached, as it is shown in Fig.6.2a. The width
of the depletion zone between P- and N-doped material is increased by applying an
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Figure 6.2.: Top: P-N-junction in equilibrium with the depletion zone formed, when
the electrons of the donors are filling the acceptors and no free major charge carriers
are available. Bottom: Increased depletion zone due to an reversed bias voltage Vg
applied from the outside.

external bias voltage, increasing the electric field in this region, as shown in Fig. 6.2b.

The field strength in the structure can also be specified by different doping densities.
The top layers of a cell usually consist of a highly doped N-P-junction (high doping
usually is indicated by N* or PT), followed by a less doped layer (N~ or P~). The first
provides a strong electric field and acts as an amplification region, the latter acts as
a larger absorption region, with a weaker field, strong enough to drift the electrons to
the amplification region, without producing barely any additional electron-hole pairs
itself. A schematic of the typical structure of a SiPM, together with the electric field
strengths, is shown in Fig. 6.3.

To create a signal, the energy of the incoming photon needs to be large enough to
create the electron-hole-pair, i.e. it needs to have enough energy to lift an electron
from the valence band into the conduction band. This creates an electron-hole pair via
the photo effect inside the depletion or absorption zone. The major charge carriers
are now accelerated by the combined electric field created by the formation of the
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Figure 6.3.: Structure of a SiPM. The top layer consists of SiO,, acting as a phys-
ical protection. Directly below is a highly doped NT-Pt-junction, which provides a
strong field and acts as charge multiplication region. Below is a less densely doped
region which increases the absorption volume of the sensor. A guard ring structure is
added to prevent early-edge breakdown, provide improved isolation between cells, and
enhance field shape. A thick substrate layer acts as a basis for the structure. The bias
voltage is provided by conductive strips on top of the SiOsy, connected to the avalanche
photo diode (APD) via a quenching resistor to avoid self-discharge. Red/near-infrared
photons can penetrate deep into the structure and are absorbed in the absorption layer.
Blue/UV photons are mostly already absorbed in the top layers and cannot reach the
absorption region. Switching to a PT-on-Nt structure can increase sensitivity for
these wavelengths. Figure adapted from [113].

depletion region and the applied bias voltage. Gaining energy from the strong field
in the depletion zone, the charge carriers create additional electron-hole pairs.

Depending on the field strength two things can happen: The amount of charge
carriers that can be collected is either proportional to the number of initial electron-
hole pairs (and therefore photons) or for strong fields, a complete discharge occurs.
The first case is called proportional mode and achieves low signal gains on the order
10, the latter is called Geiger mode which can achieve very high gains in the order of
10°. The Geiger mode is ideal for detecting weak signals down to single photons, but
it is also a binary mode where every photon causes a full breakdown and therefore an
equally sized signal. A diode specifically designed to operate in this mode is called an
avalanche photo diode (APD).

The width of the band-gab between the two top layers is dependent on the doping,
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but primarily on the materials used. The materials therefore determine the wavelength
the diode is sensitive to. Further, the sensitivity for different wavelengths can be
enhanced by the order of the doped layers. In a so-called N-on-P (the top layer is N-
doped) arrangement, as shown in Fig 6.3, a higher sensitivity for long wavelength in the
red /near-infrared region is achieved, as the red/near-infrared photons can penetrate
deep into the APD structure and interact within the absorption layer. Blue/UV
photons are often already absorbed in the top layer of a APD. Switching to a P-on-N
arrangement changes the polarity, and therefore the drift direction, in the top part of
the APD and thus enhances the sensitivity for blue/UV photons [114].

SiPMs are based on the function principles of APDs operated in Geiger-mode (short
GAPD). They consist of a matrix of GAPDs, each with a typical size between 25-
50 um. The SiPMs themselves are typically available in sizes between 1 x 1 mm? and
6 x 6mm?. A picture of such an array is shown in Fig. 6.4.

Figure 6.4.: Picture of the structure of a StPM on the example of the KETEK sample.
The grey areas are photo sensitive, limited by power connections and optical separators.
This picture was taken with the confocal microscope of the Prisma Detector Lab of the
Unwversity of Mainz by Daniel Wenz.

Simple electronic modeling of SiPMs

The individual GAPDs of a SiPM, also called cells or pixels, are connected in parallel
as sketched in Fig. 6.5a. For example, a 6 x 6 mm? device with 50 um pixel size features
about 14400 pixels.

Due to its structure, each pixel has its intrinsic capacitance Cp and, in case of
a discharge, also an intrinsic resistance Rp. To avoid a continuous, self-sustained
discharge, a quenching resistor Ry is usually added to allow the pixel to return to
the equilibrium state. Its resistance is chosen such that Ry > Rp. The equivalent
circuit that can be used to describe the discharge of an individual cell operated in
Geiger mode is shown in Fig. 6.5b.

Due to this arrangement, the SiPM combines the high gain of a GAPD, which
enables single photon detection, with the capability to detect multiple photons with
individual pixels. If multiple pixels are hit simultaneously, a summed signal is provided
by the SiPM. As the individual pixels are designed to achieve very similar gains, the
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summed signal allows direct access to the number of photons that hit the SiPM (under
the assumption that a single pixel was not hit by two photons). An example of such
a hit spectrum is shown in Fig. 6.6.

: i cl_) a
Re || Sy
APD Ver — — Vais
Single pixel o2t
(a) Arrangement of APDs to form a APD
SiPM. (b) Equivalent circuit of a pizel.

Figure 6.5.: Left: Equivalence circuit of a SiPM, consistent of parallel connected
single pizels, each equivalent to an APD. This results in a summed output signal in
case multiple pizels are triggered at the same time. Right: Equivalent circuit of a
single SiPM pizel (APD), realized with a capacitor Cp and the internal resistance
Rp. An additional quenching resistor Rq is added to avoid continuous discharge of
the pizel. Closing the switch S represents an incoming photon.

6.3. Characteristic properties of SiPMs

Based on the structure and material used in the SiPM, the sensors have some intrinsic
characteristics that define their performance in an experiment. On the one hand
properties like the signal gain and the photon detection efficiency (PDE) define the
performance in detecting signals. On the other hand, flaws in the used materials
or physical effects like dark counts produced by thermal excitation or signals from
one cell triggering the neighboring cells (crosstalk), impact the data quality. In the
following, a short explanation and summary of the most important characteristics is
given. These properties of the SiPMs have to be known and calibrated to be used in
detectors such as a LXe TPC.

Breakdown voltage

The breakdown voltage is the minimal value of the applied reverse bias voltage at
which a photon can initiate a breakdown process. To achieve higher signal ampli-
fication (gain), the devices are usually operated several volts above the breakdown
voltage. The breakdown voltage can vary slightly between individual SiPMs and needs
to be known to ensure proper operation. It can be determined with several methods:
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Figure 6.6.: Example of a hit spectrum for a SiPM (taken with a Hamamatsu S13370).
The plot shows the spectrum of the signal integrals. The photon count is visible as
each photon hitting a new cell adds a certain amount of charge to the signal, resulting
in the equidistant peaks in the hit spectrum. The peak distance reflects the gain of the
SiPM and depends on the applied overvoltage.

e Gain-breakdown voltage measurement:

The method shown here is based on the signal amplification. In the charge
spectrum of the SiPM signals, an example is shown in Fig.6.6, the amplifica-
tion is given by the difference AQ of the integrated voltage signals (which are
proportional to the charge) between consecutive peaks (defining the gain in
charge per photoelectron). This corresponds to signals given by the number
of triggered cells. This amplification is measured for multiple bias voltages at
controlled temperatures. In a plot of AQ versus the bias voltage, a linear fit
to the data points determines the breakdown voltage Vg by its intersection
with the x-axis. This method is simple and does not need extra equipment, but
multiple measurements at different bias voltages must be performed to collect
enough data points. It should also be ensured that the achieved statistics are
high enough and a low-intensity illumination is applied to the SiPM to create
a meaningful spectrum. This method was utilized on a test sample as shown
later in Section 7.8.2.

e I-V-curve:

This method is based on the measurement of the I-V curve of the device. When
plotting the curve in log(I) against the applied voltage, the inflection point
is defined as V;p. An example of such a plot is shown in the appendix, see
Fig. B.21. The difference between V;p and Vpp is constant for a specific device.
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First using the gain measurement (see below) to find Vpg for a device and after
that, the I-V method to find V;p allows the calculation of the value V;p — Vggr
for this type of device. For a device of the same model, Vg can now simply
be calculated by subtracting this value from the measured V;p. As Vip can
be measured much faster with a simple [-V-scan in the voltage area-of-interest
than compared to a gain scan for multiple bias voltages, this method is especially
useful when multiple devices of the same model need to be characterized [114,
115].

Gain

The gain of the SiPM is the amplification achieved by the sensor and is the factor
that relates the number of detected photons with the charge signal, i.e., the number
of electrons produced in the discharge caused by one photon. Based on the equivalent
circuit for a single cell as shown in Fig. 6.5b, the gain can be derived from the charge
released when discharging the intrinsic cell capacity C'p when the bias voltage Viras =
(Ver + Vov) is applied. The gain is then given by the charge in the capacitance for
a voltage difference of Vpy:

CP . VOV

e

G(Voy) = (6.1)

where e is the elementary charge. A shift of the breakdown voltage due to temper-
ature variations can greatly affect the gain as it varies the overvoltage accordingly for
a fixed bias voltage. An exact knowledge of the breakdown voltage at the operating
temperature is therefore mandatory for a stable signal gain if no compensation circuit
is used.

For a fixed overvoltage, the temperature dependency of the gain is based on the
temperature dependency of the cell capacitance.

Afterpulses

It is possible that during avalanches single charge carriers get trapped in impurities
and are released after a short delay. These delay times are usually on the order of
tens of nanoseconds. In case they occur during the recharge of a cell they are usually
smaller than a 1pe signal and can be easily suppressed with a signal threshold. If
they occur after the cells have fully recharged, they reach the same pulse height as a
1 pe signal and are indistinguishable from a real signal.

The afterpulse rate increases with higher overvoltage. The higher voltage creates
more charge carriers which increases the probability of one getting trapped accord-
ingly.

The trapping times of the charge carriers are exponentially distributed, resulting
in most of the trapped carriers being released directly after the initial breakdown. It
is also expected that the release probability increases with increasing temperature.
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Therefore, the expected delay of afterpulses indistinguishable from real signals to
occur is shorter at higher temperatures [116].

Crosstalk

During a charge carrier avalanche, not all participating carriers produce additional
carriers. Their energy can also be released in the form of a photon, which can reach
neighboring cells. There it can trigger an additional avalanche, artificially increasing
the measured signal by 1 pe (also more are possible, albeit much less likely) compared
to the number of photons hitting the SiPM. This effect is called optical crosstalk. In
case the photon created in the avalanche hits the depletion zone of the neighboring
cell directly, the additional cell will directly contribute to the summed signal. This
effect is called prompt crosstalk. It is also possible to create a charge carrier outside
the depletion zone. This charge carrier first has to drift into the depletion zone
via diffusion and then creates a delayed crosstalk signal. Even though this effect is
strongly suppressed due to the charge carrier having to survive the drift without being
neutralized, it can occur. Similar to the afterpulses these signals are indistinguishable
from real signals.

In more recent SiPM models so-called optical trenches are added to absorb these
photons. These trenches are, for instance, filled with metals to provide optical isola-
tion and as such greatly reduce the crosstalk probability [117].

The before-mentioned effects are also refered to as direct crosstalk, as they are
based solely on processes inside the SiPM. Often SiPMs are used in direct contact
with other optical materials like scintillators or are equipped with protective windows.
In this case, photons created in an avalanche can also leave the SiPM and can then
be reflected into another cell to create an additional signal. This effect is refered to
as external optical crosstalk.

Dark counts

Dark counts are signals where the avalanche is not started by an incoming photon.
Several mechanisms can cause dark events [118]:

Thermal excitation: The avalanche leading to a detected signal is created by thermal
excitation in so-called generation centers. These can be impurities or defects in the
crystalline structure. As the event is triggered by thermal excitation, reducing the
temperature of the device can greatly reduce the probability of such a transition.

Trapped charge: This is the same mechanism as described for the afterpulses, with
trap times so long it cannot be related to an actual event.

Diffusion: The avalanche is triggered by a charge carrier which diffuses into the
active region of the pixel. This is similar to the mechanism described for delayed
crosstalk, but the charge carrier does not necessarily need to be created by another
cell interaction.
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Band-to-band tunneling: This effect is based on internal field emission of electrons,
which primarily happens on impurities in the lattice structure. This effect contributes
only at applied bias voltages larger than 1V above the breakdown voltage [118].

In general, the dark count rate is directly related to the applied overvoltage, usually
showing an exponential increase for larger overvoltages [116].

Photon detection efficiency

The PDE is defined as the fraction of incident photons that create a signal in the
SiPM, and thus is a measure of the sensitivity of the device.

The PDE includes the quantum efficiency, i.e., the probability P(QE) of a photon
interacting inside the active region of the SiPM. This value is influenced by the reflec-
tivity of the material and the thickness of the optical layers and as such is strongly
dependent on the wavelength of the photons. Thick layers especially influence short
wavelengths as they have a short absorption length in silicone and therefore a low
resulting quantum efficiency. This is a major issue for the detection in the VUV-
regime since these wavelengths are often already absorbed in the protective coating
of the devices. On the other hand, longer wavelengths might just penetrate thinner
depletion zones and interact too deep, reducing the efficiency of the device at those
wavelengths.

The second factor contributing to the PDE is the avalanche starting probability
P(AV), as not every electron-hole pair initiates an avalanche. For instance, the initial
charge carriers can be delayed by impurities or close to a transition layer, allowing
self-quenching of the cell before a sufficient potential difference is reached to create a
measurable signal [119].

The third contribution is the fill-factor (FF) of the SiPM. This is the percentage
of the actual active region of the device. As shown in Fig. 6.4, a significant part of
the surface of the individual cells is covered by the electrical connections necessary to
apply the bias voltage. As their size is given by the used technology, different total
pixel sizes result in different FFs, whereby larger pixels therefore usually are more
efficient. Reducing the spacing between the pixels increases the FF at the cost of
increased direct crosstalk. As mentioned before, this can be partially negated with
the introduction of optical trenches, which can reduce the needed amount of cell
separation [117].

The PDE value is then given as the product of the individual components:

PDE = P(QE) - P(AV) - P(FF) (6.2)
Signal linearity

Another property of the sensor is given by its linearity, which states the relation
between the output signal of the sensor in relation to the input of the sensor:
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Real Output
Ideal Output

For a linear behavior a value of 1 is expected, while a value <1 shows nonlinear
behavior. For a low number of photons, a linear behavior is anticipated and the
output signal is expected to be proportional to the number of photons hitting the
active area of the sensor, only limited by its PDE:

(6.3)

Linearity =

Nfired = Nphotons -PDE (64)

For a higher number of photons, however, deviations are expected, as photons might
hit cells again before they are recharged. This effect can be modeled with [120] (for
the case that the light pulse is shorter than the recharge time):

_Nphoton‘PDE
Nfired = Npixel : (1 —¢€ Npizel ) (65)

As can be seen in Eq. 6.5, the number of available pixels N,,;;¢; within the illuminated
area plays an important role in the estimation of the linearity of a device. A value
that typically is given is the number of photons at which the deviation from the
ideal response is larger than 10 %. An example is shown in Fig. 6.7 for a Hamamatsu
S13360, taken from [120].
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Figure 6.7.: The nonlinearity of SiPM signals for high photon counts. The values
shown are from a Hamamatsu S13360-3050, a 3 x 3mm device with 50 um pixel size
and therefore 3600 pizels. For this device, the 10 % deviation from the ideal response
is reached with about 2000 photons. Figure from [120)].
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7. Design and construction of a
test setup for SIPM
characterization

7.1. Introduction

In this chapter, the design of a test setup for SIPM characterization is explained. Three
different SiPM models were initially tested and are shortly introduced in Section 7.2.
The setup design and its functionalities are shown in Section7.3. The setup allows
illumination of the SiPM samples with light from an external source, guided to the
sensors via optical fibers, as well as the utilization of xenon scintillation light, produced
in situ with an ' Am source immersed in liquid xenon. The operation of the setup
requires additional infrastructure. This includes a gas purification system, which is
briefly described in Section 7.4.

The equipment needed to operate the SiPMs is presented, including the power
supply (Section 7.5) and the readout circuitry (Section 7.7). A special focus was placed
on the signal amplification, as for weak signals the amplifier should be as close to the
SiPM as possible. A possible place is close to the sensors within the clean xenon gas
environment at around -100°C, which puts extra requirements on the hardware in
terms of outgassing and temperature stability. A prototype amplifier board satisfying
the temperature requirements was developed and tested as shown in Section7.6. A
first successful test run with liquid xenon was carried out and a preliminary analysis
of the data for the most promising of the three tested samples is shown in Section 7.8.
Finally, the chapter is summarized in Section 7.10 with a brief outlook on the future
use of the setup and its impact on the upgrade of the local dual-phase xenon TPC.

7.2. SiPM Samples

Three samples of analog SiPMs were used during the tests. One sample type was
provided by Ketek, and two different sample types by Hamamatsu, of the 3rd and
4th generation respectively. All devices received a special treatment or were designed
specifically to provide an increased sensitivity in the VUV regime.
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KETEK sample

The sample provided by KETEK is a wafer cutout without housing and interface.
The device has a total size of 6.46 x 6.45 mm?, of which 6 x 6 mm? is the active and
sensitive area. On the rim, pads for voltage and ground connections via wire bonding
are located. The pixel size of this device is 50 um, resulting in a total of about 14400
pixels per sensor. As the sensors were not packaged, a base for mounting, bias voltage
supply and signal readout had to be provided. For the tests, a simple printed circuit
board (PCB) was designed on which the SiPM was glued with an epoxy suitable for
high vacuum application. The electrical connections were realized with wire bondings
to the pads of the SiPM. On the backside of the PCB an SMA connector is used to
supply the bias voltage and to read out the signal at the same time. The PCB was
made from a ceramic-teflon compound to ensure low outgassing and thus high vacuum
compatibility. A picture of the device, glued to the PCB, is shown in Fig. 7.1 on the
right.

Two samples were provided by KETEK. They are prototypes derived from a com-
mercial product and received a surface treatment to increase UV sensitivity, with no
further information on the procedure provided by KETEK.

Hamamatsu MPPC model S10943

The second device tested was the 3rd generation Hamamatsu Multi-Pixel Photon
Counter (MPPC) model S10943, a device already in use at the MEG II experiment in
a liquid xenon environment [121]. They are provided in a ceramic package consisting
of 4 devices, each 6 x 6 mm? in size. The pixel size is 50 um, so the sensor structure
is very similar to the KETEK device. The signal of each individual SiPM is read out
by two pins in the corresponding corner on the back side of the package. A picture
of the device is shown in Fig. 7.1 on the left, and a technical drawing of the device is
given in Appendix B.7 on page 209.

Hamamatsu MPPC model S13370

The third device tested was the Hamamatsu MPPC model S13370, a 4th genera-
tion SiPM. Compared to the 3rd generation it features optical trenches to lower the
crosstalk probability. Like the S10943 they are provided in a ceramic package, but
containing only one sensor with a size of 3 x 3mm?. Similar to the S10943, the signals
are read out via two pins on the back side. A picture of the device is shown in Fig. 7.1
in the middle.
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Figure 7.1.: Pictures of the SiPMs tested. Left: Hamamatsu S10943, four SiPMs with a

size of 6 x 6 mm? in one ceramic package. Middle: Hamamatsu S13370, a single SiPM
of size 3x3mm? in a ceramic package. Right: KETEK sample of size 6 x 6 mm? on a
ceramic-teflon board.

7.3. Test setup design for measurements in liquid
xenon

As the SiPMs are planned to be used in a liquid xenon environment, the characteristics
of the devices need to be tested as close as possible to the conditions present in a dual-
phase xenon TPC. Therefore the characterization needs to be performed at liquid
xenon temperatures of about -100°C with the sensors immersed in liquid xenon. The
sensors are supposed to detect scintillation light emitted by xenon so the photon
detection efficiency at VUV wavelengths has to be determined.

A new setup was designed to test as many of these properties in parallel and also to
test multiple sensors simultaneously. The setup was placed within a cryostat for better
thermal insulation. Xenon liquefaction is achieved by cooling with liquid nitrogen. A
CAD-drawing of the setup is shown in Fig.7.2. The major components (from top to
bottom) are:

e A copper disc providing the necessary cooling power.

e A rotary disc with with four latching positions orientated towards the SiPM test
samples.

e The illumination cylinder providing different illumination settings for the sen-
SOrS.

e The bottom flange with mounted holders for up to three SiPM samples. An
additional Hamamatsu R6850 1"-PMT is mounted and used for reference mea-
surements.

e At the bottom, a pipe feedthrough is mounted to extract liquid xenon for purifi-
cation. A fiber feedthrough passes flashes from a pulser-powered light emitting
diode (LED) light to each sensor for gain calibration.
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7. Design and construction of a test setup for SiPM characterization

Figure 7.2.: CAD drawing of the test setup designed for SiPM characterization. The
reddish part below the upper flange is the hollow copper disc which is cooled down
with liquid nitrogen to liquefy the xenon in the test chamber. The rotatable double
disc structure below contains an arresting mechanism that allows certain positions
(every 45°, eight possible settings) to ensure that the cylinder holes are facing the
sensors. The white cylinder contains the radioactive *** Am source. On the bottom
flange, the sensor holders are visible. To the left and right of the cylinder (and also
behind, but not visible here), SiPM holders can be seen. In the center the holder for
the Hamamatsu R6850 1" PMT is wisible. The cylindrical structure on the left behind
the sensor holder is a feedthrough used for sensor data readout. Not wvisible here:
through the center of the bottom flange fibers are fed into the volume to allow LED
illumination for calibration via Polytetrafluoroethylene (PTFE) light diffusers in front
of each sensor.
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Figure 7.3.: Cable connections and grounding scheme inside the test vessel. In the
measurement volume cables with low outgassing are used to avoid contamination of
the xzenon. The SiPMs and the PMT are connected with a PTFE-coated }-wire ca-
ble (sharing one shield), except for the KETEK, which is connected with a Kapton-
coated coaxial cable. The signals are transferred to the insulation vacuum via a 32-pin
feedthrough. Each anode, cathode, and shield uses its own pin. In the insulation vac-
uum the (inner-)shields are grounded, the signals/bias lines are connected via coazial
cables (the anodes are connected as shields, the cathodes, providing the bias voltage
through the inner core). The connection from the insulation vacuum to the outside
1s done via a custom made 7-line LEMO-feedthrough. The further connection to the
amplifiers and following electronics is done via standard coaxial cables. The amplifier
box is further explained in 7.6 and following sections.

Cooling In the upper part, a hollow copper disc is flushed with liquid nitrogen,
which provides the necessary cooling power to liquefy the xenon by evaporation. The
cooling power is controlled by limiting the gaseous nitrogen flow on the outlet with a
mass-flow controller. Due to the comparatively high mass of the copper disc of 1.5kg
the system reacts very slowly to changes in the setting, but it also provides a very
stable temperature during the measurement campaigns.

A typical cooling cycle starts with filling the system with xenon at approximately
2 bar and switching on the cooling by starting the nitrogen flow. The following day
more xenon is added to the now pre-cooled system and liquefaction starts. This re-
quires more cooling power, which is provided by increasing the nitrogen flow. After a
few hours of stabilisation, the measurement window starts. After the measurement,
the xenon is recuperated. This process is shown in Fig. 7.4, where the stable temper-
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7. Design and construction of a test setup for SiPM characterization

ature conditions of the system during the measurement period are visible. With a
constant set-point for the nitrogen flow, the temperature of the cryostat stays stable
for nearly 24 h, the whole duration of the measurement.

Once the xenon is liquefied, the system needs permanent supervision to avoid dam-
age from over-pressure or loss of xenon in case of a cooling system failure.

—Temperature [K] —N, flow [V]

Gaseous Filling Liquid Filling Measurement Recuperation

'
e N
P

5.04

enﬁotlkl:

2_flow_value

! :

i .

250 k :

4.0 :

2304 1\

, n

3.0 I

2104 ﬁ

¥

2.0 LI
190+

mil?(h’? b \

0.0-15¢

Day 1 16:00 Day 2 0:00 Day 2 8:00 Day 2 16:00 Day 3 0:00 Day 3 8:00 Day 3 16:00

Figure 7.4.: The typical cooling cycle of a measurement run. The cycle can be divided
into multiple segments, starting with the pre-cooling phase, where the system is filled
only with gas. This is followed by filling with additional gas and liquefaction. After
stabilization, the measurement can take place. After the measurement, the gas is
recuperated into the gas bottles.

lllumination cylinder The illumination cylinder provides the various test illumina-
tions for the sensors. It is connected to the rotary disc which can be rotated manually
from the outside via a rotary feedthrough to set the illumination level. The rotary
disc has eight latching positions which are aligned with the sensors. In the center,
supported by eight fins and fixed with a spring, the 2* Am source is placed, as shown
in Fig.7.5. During a measurement, the setup is filled until the disc is completely
submerged in liquid xenon. The liquid level is measured with a discrete levelmeter,
an array of PT100s that show a temperature drop when they submerge in the liquid
xenon, thus indicating the filling level.
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Am Source
Kapton foil (150 um)

48 mm

Figure 7.5.: Cross section of the illumination cylinder. Shown are the dimensions and
the position in relation to the sensors. In the center, the source is placed, which is
fixed with a stamp and a spring from the top. The disc with the source is partially
covered by a Kapton foil which acts as a collimator for the excitation light.

o1 P9 [O
@ b d °l o © o

Figure 7.6.: Hole sequence of the illumination cylinder in the center of the setup. On
the inside, the fins separating each hole are wvisible. They were introduced to reduce
stray light outside of the cylinder. Additionally, they act as holding structures of the
metal disc which contains the *' Am source.
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Hole size | Diameter Area Coverage of | # Photons | # Photons on
sphere (%) | emitted | sensor (mean)
Large 4.5mm | 63.62mm? 1.22 3816 53
Medium | 1.5mm | 7.07mm? 0.135 422 5
Small 0.8mm | 2.01 mm? 0.038 118 1
4-holes 0.8mm | 8.04mm? 0.154 481 4

Table 7.1.: Sizes of the holes in the illumination cylinder. Also given are the esti-
mations of the number of photons that are expected to reach the sensors, assuming
uniform emission. These are based on the decay energy of *' Am and the expected
photon yield for this energy based on NEST.

The cylinder is mounted in between the sensors and has eight holes/hole-combinations
that can be used to choose the illumination strength or the position to be illuminated
on the sensors. The hole sequence in the cylinder walls is shown in Fig. 7.6, Table 7.1
shows the combination of holes that face the various sensors at the same time.

Electronic noise issues During the first test runs signal crosstalk between sensors
and also ground loop issues were observed. The signal cross-talk especially happens
between the PMT and the SiPMs, even when the SiPMs were not powered. To avoid
these effects during the measurements, all signal lines received new shieldings as shown
in Fig.7.3. As the PMT itself seemed to be the source of EM-noise, a copper sheet
shielding was placed around the PMT.

Fig.7.14 shows the noise induced on the SiPM lines by a PMT signal before and
after the addition of the new shielding. In App.B.27 on page 212 a picture of the
added PMT shielding is shown.
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(b) After shielding.

Figure 7.7.: Comparison of the noise levels observed on the SiPMs when the PMT
detects a signal. The SiPMs were not powered during this test. Shown are screenshots
taken from an oscilloscope, where the PMT signal is shown in yellow. The blue, purple
and green lines are the Ketek, the Hamamatsu S10943 and Hamamatsu S13370 SiPMs,
respectively. How the signal transmitted by the PMT induced the noise in the SiPMs
1s unclear. The top picture shows the effect before the copper shielding was installed,
the lower picture after the installation of the copper shield. There is still an effect
visible, albeit at a smaller scale.
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7.4. Gaseous xenon infrastructure

For the operation of the test-setup with xenon, a certain infrastructure is needed to
fill and recuperate the xenon, as well as keep it clean. In the lab, we used a gas
purification and storage system, which is shown in Fig. 7.8.

The system uses a membrane pump (Type: MX-808ST-S, Enomoto Micro Pump
Mfg. Co., Ltd.) for recirculating the gas. Theoretically, it can achieve a maximum
flow of 25 standard-liter per minute (slpm), but due to the flow resistance of the getter,
which is used to purify the gas, the realized flow is much lower. The getter used is
a SAES® MonoTorr heated getter, model PS3-MT3 for rare gases, utilizing a heated
zirconium-alloy based cartridge to trap impurities. The maximum efficiency for this
type of getter and for xenon is also achieved at a much lower flow of only 3slpm. The
flow is measured using a Teledyne Hastings Metaline HFM-300 flowmeter (FM) with
a maximum measurement range of up to 30slpm (xenon). As the FM only measures
the flow rate the flow has to be set manually with a needle valve.

The system contains two gas bottles with a volume of 201. When filling the system,
a pressure reducer is used to throttle the gas bottle pressure of approximately 70 bar
down to the filling and operating pressure of about 2 - 2.5 bar. The bottles are made
of aluminum, as they need to be cooled down with liquid nitrogen below the freezing
temperature of xenon for recuperation. The xenon in the bottles is frozen and the
pressure is reduced down to a few mbar [122|. In this way, the gas flows back from the
higher pressure in the test setup into the bottles. In this way, none of the relatively
expensive xenon (compared to argon or krypton) is lost and can be reused in future
measurement runs.

Although we do not need a very high purity of xenon as we only use it to produce
scintillation light and no drifting of electrons is needed as in a TPC. However, to
maintain the purity of the gas, the system was mounted with a high cleaning level
and a getter is used during measurement runs.
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Figure 7.8.: Picture of the gas recirculation system used for the SiPM measurement.
The pump is placed on the back side of the panel. The two gas storage bottles (201
capacity each) are hanging on the back side on load cells (view blocked by the metal
sheet), which allow monitoring of the mass of the stored gas. In the middle to the left
on the front side the flow meter is visible, the needle valve next to it is used to set the
flow rate manually. On the front the pressure reducer is visible, which is used when
filling the attached experimental setup with xenon from the bottles. This is necessary,
since the pressure of xenon in the bottles at room temperature is around 72 bar, which
is far higher than the operating pressure of the setup, which is usually operated with
pressures between 2 to 3bar. For the case of an uncontrolled pressure increase, a
rupture disk with a burst pressure between 3.6 and 4.4 bar is present on top of the test
vessel.
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7.5. Sensor power supply

Multiple power supplies are needed to provide the voltage for the photosensors, since
the Hamamatsu R8520 PMT has a higher voltage requirement than a SiPM. The
PMT requires a supply voltage of 900V to achieve a signal gain of about 10° [123].
In this measurements, the PMT was powered with an Iseg NHQ series NIM-standard
power supply module.

The SiPMs have significantly lower voltage requirements. The Hamamatsu S10943
is operated at a breakdown voltage between 60 to 80V, the S13370 at 48 to 58 V. The
data sheets for the Hamamatsu SiPM can be found in Appendix B.7 on page 210.

The operating voltage of the Ketek samples is even lower than the ones of the
Hamamatsu models with a breakthrough voltage between 25 to 30V [124], plus an
over-voltage of up to 4 V.

The SiPMs, both the Hamamatsu and KETEK models, are powered by the CAEN
Model A 1510 12 Channel HV board. This device offers 12 individual, floating chan-
nels that can provide a bias voltage between 0 and 100 V [125].

7.6. Low temperature amplifier for SiPM
measurements

Design of the amplifier board

To ensure signal quality, the SiPM signals should be amplified as close to the sensor
as possible. For the future application in a xenon TPC this means operation at
liquid xenon temperatures of around -100 °C. For this purpose, a simple amplifier was
developed with the goal to achieve an amplification factor of 5 to 10.

The final version was planned to be operated inside the xenon volume in contact
with gaseous xenon. To preserve the purity of the detector medium xenon (which is
needed to drift electrons in the liquid phase with minimal loss when operated in a
TPC), the board needs to be constructed from vacuum-rated materials. Using the
same ceramic-teflon compound that was used for the KETEK SiPMs bases would
be a possible solution. Additionally, using ceramic-based electronic components (for
example ceramic-based capacitors) would minimize the impact on xenon purity.

The first test boards were built from commercial parts on standard PCB material.
The main component of the board is an AD8009 AR amplifier intergrated circuit
(IC). On the test boards, only a standard IC with a plastic housing is used, which is
in general not suitable to be used in a xenon environment. This also applies for the
resistors that are used, as they were not tested for vacuum suitability.

The schematic of the amplifier board is shown in Fig. 7.9, the layout and the actual
implementation are shown in Fig.7.10. It includes a section with low-pass filters for
the AD8009 AR power supply, which requires a dual voltage supply of +5V. The
signal amplification section of the board was designed in a flexible way in order to
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7.6. Low temperature amplifier for SiPM measurements

allow it to be used with multiple configurations. It is possible to configure it for
AC- or DC-signal readout on the return line of the signal, dependent on whether a
decoupling capacitor or a direct connection (0 2 -resistor) is placed on the positions
marked with A or B in the schematic. Further, an AC readout on the bias line is
possible by placing a capacitor at position C.
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Figure 7.9.: Schematic of the amplifier board build for the SiPM measurement. The
left part shows the low-pass filter for the power supply of the AD8009. The right part
shows the part used to amplify the signal from the SiPMs (connected to the upper left
connector). The board was designed to be used in multiple configurations, dependent
on the component placement. Placing a decoupling capacitor or a direct connection in
either position A, B, or C allows for an AC or DC coupling of signals on either the
SiPM return or bias line, respectively. The amplification of the board is determined by
the resistance ratio between the resistors Ry and Rpeedpack, Wwith an intended value
of 10.

The power supply input for the SiPM is also equipped with a low-pass filter to
reduce possible noise from the SiPM power supply. The resistor placed in position
R;n has a high impact on the baseline position. A resistor with a too high resistivity
can severely limit the dynamic range of the amplifier. For a resistor value of 1000 €2
for example, it was found that it shifted the baseline to the maximum amplifier output
voltage, preventing any useful output.

The signal amplification factor of the AD8009 is determined by the ratio of the
values of the two resistors Rguin and Rrpeearack- The values of these resistors, as well
as the values of all the other components, can be found in Tab. B.1 in the appendix.
The values given there are for the board configuration used in the SiPM measurements
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presented in the following sections.

(b) Picture of amplifier board (DC' coupled
(a) Layout plan of amplifier board on return line)

Figure 7.10.: Implementation of the amplifier board. The left figure shows the design
layout of the board. The dark blue marked area contains the AD8009 AR power supply
low-pass filter. In the red area, the SiPM power supply low-pass filter is placed. The
type of readout is determined by component placement in the light blue area. Possible
are AC and DC coupled readout on the return line (Positions A and B) and AC coupled
readout from the SiPM bias voltage line (Position C). In the orange marked area, the
resistors defining the amplification are placed. The right figure shows a realized board.
The SMA connector for the SiPM is on the backside of the board. The version shown
here utilizes a DC' coupling on the return line (realized by a 0 S ’resistor’ at position

B).

Test of the amplifier board

As later versions of the board are meant to be used as close as possible to the sensors
and as such most likely in a cold environment, the first version of the board was tested
at different temperatures to evaluate the temperature dependence of its amplification
properties. For this test, continuous sinusoidal signals at different frequencies, pro-
vided by a frequency generator, were applied to the amplifier board. The input signal
was applied with an amplitude of 10mV. The amplitude of the output signal was
measured using an oscilloscope. From the ratio of the output to the input signal the
amplification was calculated. This measurement was performed for continuous sinu-
soidal input signals with a frequency of 0.2/0.5/1/5/10/20/30/40 and 50 MHz. This
procedure was repeated for different temperatures. To achieve this, the amplifier was
placed inside a containment, which was flushed with gaseous nitrogen. In this way,
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measurements were taken at room temperature (/293 K), 273, 240, 212 and 157 K.
The last temperature is well below the usual operation temperature of the liquid xenon
detector of around 170 K. The result of this measurement is shown in Fig. 7.11. As can
be seen, it shows consistent behavior at all temperatures for the tested frequencies,
thus we consider the board to be very temperature stable and therefore do not expect
any signal degradation at lower temperatures.
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Figure 7.11.: Measurement of the amplifier board response to sinusoidal signals with
different frequencies at various temperatures. The test results show only a minimal
impact of the ambient temperature on the amplification, thus the board is considered to
be temperature stable. Errors are only shown for the room temperature measurement
for the reason of visibility but the errors are of the same size for the other temperatures.

7.7. Signal readout

Three identical boards were used in the measurement as a first amplification stage
for the three SiPM samples. The boards used were configured for AC readout on the
bias line. The complete configuration list is given in the appendix in Table B.1 on
page213. The amplifiers were placed in a metal box to add an additional shielding
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and thereby reduce the noise level. The layout of the box is shown in Fig.7.12; a
picture is shown in the appendix in Fig. B.28 on page 214. All cable feedthroughs in
this box were floating in order to avoid ground loops. An additional braided shield
was added later to all coaxial cables connecting the test setup with the amplifier box
to further reduce the noise level. The box also contains additional low-pass filter
boards on the SiPM power-in line to reduce the ripple on the bias voltage provided
by the SiPM power supply (CAEN Model A 1510, 12 Channel power supply).

+5V GND -5V CAEN A1510 12Ch Power Supply

@-0.0-0-.0.0
] 16000
Noise Filter
—
Amplifier —
Ch. 0 board T
Ham. S13370 -_I p——
Noise Filter
o |
5 Amplifier —
Ch. 1 board
Ham. S10943 - _l__l_
ch.2 _I e—
Noise Filter
S - —
h Amplifier _Ll_'
Ch. 2 board T
Ketek (North) -_I ——
Amplifier Box To next amplifier stage/DAQ

Figure 7.12.: Layout of the box used in the test setup. The amplifier boards are housed
in a metal box for shielding. The box contains additional low-pass filters for the SiPM
power to remove the voltage ripple of the CAEN power supply.

The signal was further amplified using a type KN2104 NIM amplifier, adding an-
other amplification factor of 5. The fan IN/OUT module is needed to change the
polarity of the signals to negative, as the KN2104 requires input signals with a nega-
tive polarity [126].

The PMT signal was amplified using only the KN2104. The signal was later split
and one of the lines was connected to the digitizer. The other line was fed into a
discriminator to create a trigger signal for the digitizer. This trigger was used for the
detection of xenon scintillation light where the PMT provided the signal trigger for
all sensors.
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Figure 7.13.: Readout chain for the SiPM and PMT signals during the measurement.
The SiPM signals are first amplified by the boards with a factor of 10, followed by a
second amplification of 5 by the KN2104 board. The PMT is amplified only by the
KN2104 board, followed by a signal split to provide a trigger signal for the digitizer.
This option is only used when > Am created xenon scintillation light is measured. For

an LED measurement, the trigger signal is provided by the pulse generator powering
sard LED.

7.8. First Measurements of SiPM samples

7.8.1. Signal shapes for the SiPM samples

In a first test, the three samples were operated in the setup with LED illumination
to evaluate their signal quality. The samples were supplied with an arbitrary voltage
above the breakdown voltage given in the respective data sheets. The pulse generator
setup is sketched in Fig. 7.15.

The KETEK samples showed very erratic behavior, including large baseline fluc-
tuations in the same order of magnitude as the signals. This is shown in Fig.7.14a.
Compared to the KETEK samples the Hamamatsu samples of both models showed
a waveform as expected from a SiPM: a short signal rise followed by an exponential
signal decay back to the baseline. Signal examples for the S10943 and S13370 are
shown in Fig. 7.14b and Fig. 7.14c, respectively.
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(a) Waveform example for the KETEK sample.
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(b) Waveform example for the Hamamatsu model S10943 sample.
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(¢) Waveform example for the Hamamatsu model S13370 sample.

Figure 7.14.: Qualitative comparison of signal shapes for the three tested SiPM models.
The KETEK model shows erratic behavior with a very unstable baseline, making gain
estimation and also later use unfeasible. Both Hamamatsu samples show clean signals.
One digitizer sample corresponds to 10ns sampling time.
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Figure 7.15.: Setup for a LED measurement. A pulse generator (AVITECH model:
AVI-V-HV1-C) powers a LED inside a light-tight box, which is coupled to an optical
fiber. The fiber is connected to the test setup. The pulse generator additionally pro-
vides a trigger signal in form of a TTL (transistor-transistor logic) pulse [127].

The signals observed from the KETEK samples were comparatively long, with no
clear exponential tail. The shape in most cases might also be strongly affected by the
baseline fluctuation, which made automatic peak-finding a challenge. The baseline
instability, however, made it impossible to compute the peak integral and therefore
the charge produced by a signal cannot be estimated. As no charge spectrum can be
derived, there was no possibility to estimate the gain from these devices.

As this behavior was only observed for the KETEK samples, and exchanging the
readout hardware (amplifiers, filters) with the Hamamatsu samples showed no im-
provement, it was concluded that the KETEK SiPMs itself were the source of the
instability. As explained in Section 7.2, the KETEK samples received a surface treat-
ment to increase UV sensitivity. It is assumed that this treatment damaged the SiPMs
(or at least some individual pixels) in an unknown way, which results in the observed
behavior. This assumption, however, could not be confirmed.

Based on these observations, no further tests were done with the KETEK devices.
Regarding future updates of the MainzTPC, the newest generation of SiPMs should
be used and further tests were focused on the newer Hamamatsu model S13370.

7.8.2. Determination of breakdown voltage

The breakdown voltage can be determined by measuring the gain of the SiPM at
different bias voltages and utilizing the linear relation between applied bias voltage
and observed gain. For this measurement, the light was provided by a LED via the
optical fiber in front of the SiPM.

The gain can be extracted from the photon count spectrum with a fit function
consisting of a sum of the number of Gauss functions equal to the number of observable
photon peaks observed in the spectrum. The peak distance in this function is a
common parameter of all Gauss functions, e.g. the x-position of the second Gaussian
is two times the x-position of the first and so on. An additional Gauss is added to fit
the pedestal peak around x = 0:
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LoHPD Lopp 1*22#13
G Photon = Gpp - € *’PD 4 apy - € P1 +apy-e P2 + .. (7.1)

where a are the amplitudes of the Gauss functions for the pedestal (PD) and photon
peaks (P#), o the standard deviation and pp the gain. An example of such a fit with
8 photon-peaks plus pedestal is shown in Fig. 7.16.
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Figure 7.16.: Example of a spectrum fit with a Gaussian for the pedestal peak plus one
for every photon-peak. The spectrum was taken with the Hamamatsu S13370 with an

applied bias voltage of 47.76 V at a temperature of 175 K.

The gain values obtained can be plotted against the bias voltages they were recorded
with, as shown in Fig.7.17. A linear fit is used to calculate the breakdown voltage.
For the S13370 a value of (44.73 +0.05) V was found at an operating temperature of
around 175 K.

178



7.8. First Measurements of SiPM samples

0.18

T T
m: 0.04391 +- 0.00003

b: -1.964 +- 0.001

0.16

0.14

0.12

Peak distance [1079 Vs]
o
P

o

o

o
T

1
46.5 47.0 47.5 48.0 48.5
Bias voltage [V]

Figure 7.17.: Linear fit of the obtained gains at different applied bias voltages. The fit
function was of shape y =m - x +b. The resulting parameters from the fit are shown
in the plot. The resulting breakdown voltage Vg from the extrapolation to zero at the
y-azis is (44.73 £ 0.05) V at a temperature of 175 K.

7.8.3. Gain

The absolute gain of the SiPMs can be calculated by converting the peak distances
from the spectra that were obtained in the last section, into a charge. The voltage
amplified by the board drops over the resistor Rppr with a value of 100 €2. This type
of resistors usually have a precision in the value of &1 %.

Additionally, the value needs to be corrected for the gain factors of the amplifiers.
The total intended gain is 50, but a relatively high uncertainty of 10 % was assumed.
Although the amplifier boards are outfitted with the same components, their individ-
ual gain factors were not evaluated separately, which is why this large uncertainty is
assumed.

The resulting values from the previous steps are now divided by the elementary
charge to get the gain of the SiPM:

AP
Gsipm = 7.2
s Ropr - Gamp-e ( )

where AP is the peak distance (in Vs), Ropr the resistance, G 4p/p the gain of the
amplifiers, and e the elementary charge. The error is computed via error propagation.
The results for different illumination strengths are shown in Fig.7.18. The achieved
gains are close to the value of 2.25-10°, which is given in the datasheet for the S13370
provided by Hamamatsu (see Appendix B.25).
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Figure 7.18.: Gains of the S13370 SiPM for different illumination settings. Only data
points with successful Gaussian fits of the spectra are included. The data points are
taken at the voltages of the red positions, the other measurements are slightly offset
for better visibility.

7.8.4. Correlated noise measurement

The correlated noise refers to a combination of the previously mentioned effects of
afterpulses and crosstalk. These effects increase the number of detected firing cells
compared to the real number of hitting photons, i.e., to an overestimation of the
number of hitting photons. For a sufficiently low photonflux a Poissonian distribution
is expected for the number of detected photons (on a perfect sensor). Afterpulsing
and crosstalk distort this distribution and shift it to higher numbers.

Starting with the multi-electron spectral fits as in Fig.7.16, the integral over each
Gaussian peak provides the number of counts k in that peak. The results are plotted in
a histogram as shown in Fig. 7.19. The effects of afterpulsing and crosstalk are clearly
visible when a standard Poisson distribution is plotted over the photon distribution:

ko—p
ue
Pk p) = —

The pedestal peak can be used to calculate the parameter u, which is the expecta-
tion value for the number of photons to produce signals in the SiPM. The probability
for a zero photon event is given by:

(7.3)

(7.4)
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where Ny, is the number of events without any detected photons and Ny is
the number of all waveforms. Therefore:

N, ero
1= —In (ﬁ) (7.5)

Comparing a Poisson distribution plotted with this parameter p to the recorded
data shows the aforementioned shift as shown in Fig.7.19. The residuals show an
overestimation in event numbers for lower photon counts and an underestimation for
higher photon numbers.

The effects of afterpulsing and crosstalk are taken into account by a generalized
Poisson distribution. Here, it is assumed that every event produces a Poisson dis-
tributed number of succeeding events (with probability \) until all branches arrive at
their final event. This distribution is given by [128]:

1 - (VJ - k,)kflef(,uq%-)\)
k!

A fit of this generalized Poisson distribution to the recorded photon distribution is
shown in Fig.7.19. Compared to the normal Poisson distribution the generalized one
describes the shape of the photon distribution very well, as visible in the residuals.
The combined afterpulse/crosstalk probability is then given by the fit parameter .

P(k;p, A) = (7.6)
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Figure 7.19.: Photon-count spectrum taken with the S13370. A comparison of the data
(black) with a standard Poisson distribution (blue) shows the effects of afterpulsing
and crosstalk as the distribution is shifted towards higher photon counts. A fit with
a generalized Poisson distribution (red), which includes additional branching events,
shows a much better agreement and allows direct extraction of noise probability.
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Figure 7.20.: Results for the correlated noise probabilities resulting from fits of the pho-
ton count spectra with a generalized Poisson distribution. As expected the probability
increases with higher bias voltage. Data was also taken for lower bias voltages, but
the generalized Poisson fit did not converge on the photon count distribution. This is
mainly caused by the largely overlapping Gaussians for low bias voltages, which dis-
torts the count distribution. The results are shown for three different illuminations,
taken at the same bias voltages (at the position of red data points). The other mea-
surements are shifted slightly for better visibility only.

This analysis was done for a range of applied bias voltages and also for three different
illumination strengths. The resulting excess noise probabilities are plotted against the
applied bias voltages which is shown in Fig.7.20. As expected the noise probability
increases with a higher bias voltage and behaves the same for different illumination
strengths.

7.8.5. Dark count rate

The dark count rate of the SiPMs was determined in an extra measurement run. This
was necessary, since the scintillation light produced by the ?*!Am source in liquid
or gaseous xenon was visible on the sensors even when the illumination cylinder was
turned into a position where the openings did not directly face the sensors. Enough
light was reflected on the bare steel vessel walls to significantly impact the measured
rate.

To avoid this effect and perform the measurement without removing the ?*!Am
source, the dark count (DC) measurement was performed in a gaseous nitrogen at-
mosphere, where no scintillation light is to be expected. The nitrogen flow was tuned
such that the temperature in the vessel was close to the temperature of liquid xenon.
A PT100 from the discrete levelmeter was used to measure the temperature.

In order to be able to directly count the dark events a self-trigger circuit was con-
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Figure 7.21.: Readout and self-trigger configuration used to determine the dark count
rate of SiPMs. The Fan IN/OUT module is used to add delayed versions of the signal
to the waveform in order to eliminate high- and low-frequency oscillations. This allows
the creation of a trigger signal by simply setting a threshold. This trigger is then used
to count the number of dark events within a certain time window.

structed utilizing Nuclear Instrumentation Modul (NIM)-boards. This was needed as
a simple threshold was not reliable due to the baseline oscillations. To compensate for
that, a 24 ns delayed version of the waveform was subtracted from the waveform it-
self. This eliminates oscillations with long wavelengths (also longer than the observed
time window). The delay was chosen with respect to the signal rise time to ensure the
signal strength is not significantly reduced. In a second step, this is repeated with a
much shorter delay of 4 ns to reduce faster oscillations. The resulting summed signal
provides a much more stable baseline so that a simple threshold set in a discriminator
can be used to create a trigger signal. These triggers were fed into an Ortec 771
counting module to count the number of events created by the SiPM within a time
window of 1s. The counting setup is sketched in Fig.7.21.
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Figure 7.22.: Dark count rates for the Hamamatsu SiPM of model S13370, measured
at LXe temperatures. The DC rates were estimated for different over-voltages. One of
the measurements does not follow the expected behavior, the reason for this is unknown.
A large systematic uncertainty in this measurement is introduced by the measurement
of the temperature, as the value was taken only in gas (the SiPM could be warmer,
resulting in a higher DC rate).

7.9. Measurements with xenon scintillation light

There was also data taken with xenon scintillation light instead of LED illumination,
with the idea to trigger on the PMT, as shown in Fig.7.13. The scintillation light
is produced by an alpha particle from the decay of an ?*'!Am source immersed in
the liquid xenon. Based on the decay energy of 5.5 MeV, more than 300000 photons
are expected per decay, based on the mean energy of 17.9eV (due to scintillation
quenching), which is necessary to create a photon via an a-particle [45].

Due to the solid angle coverage of the illumination holes, using the largest opening
towards the PMT, in the order of 1000 photons were expected on the PMT for each
decay, a significant signal even when corrected for the quantum efficiency (230 %).
One order of magnitude less number of photons was expected for the SiPMs (due to
the smaller opening facing the SiPMs for this orientation of the cylinder, see Fig. 7.6),
which still is a significant signal.
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The recorded spectra for the SiPMs, however, were dominated by the pedestal peak,
with a total number of counts in the order of 100 for each photon-number peak for a
total of 100000 events triggered by the PMT. This efficiency ratio between PMT and
SiPM is far below the expectation and indicates a flaw in the design of the illumination
arrangement, which needs to be reconsidered.

7.10. Summary, conclusion and outlook

In this chapter, the first steps in designing and building a test stand for SiPMs were
described. With this setup first measurements were performed to characterize SiPMs.
A test run was completed, in which the setup was successfully filled and operated
with liquid xenon. During the run, data were taken with LED illumination of the
sensors as well as with scintillation light of xenon which was created by an ?*!Am
source submerged in the liquid xenon, although the latter did not yield useful data
and suggest some improvements are needed on the hardware.

Three different SiPM models were tested. The analysis was focused on the newest
model S13370 from Hamamatsu. While preliminary values for correlated noise prob-
abilities were calculated, the analysis needs to be refined to characterize afterpulsing
and crosstalk probability separately. The dark count rate was determined in a gaseous
nitrogen environment, as the reflected light from the xenon scintillation processes
made a dark rate measurement in a liquid xenon environment unfeasible.

As shown in Section 7.8 the setup in its current state can be used to determine
the basic characteristics of SiPMs, utilizing LED illumination. With focus on most
recent Hamamatsu model S13370, values for the probabilities of correlated noise were
measured in a liquid xenon environment.

Based on the experience gained during the test run presented, the setup is now
(status during the writing of this thesis) used to characterize the Hamamatsu model
S13371 SiPM. These are intended to be used in an upcoming update of the MainzTPC!,
replacing the current setup of a single upper PMT and APD assembly with a SiPM
array to improve position reconstruction and also further test the feasibility of SiPMs
in larger scale detectors like the upcoming dark matter projects DARWIN or XLZD.

'For further information on the two-phase xenon TPC located at the JGU see the PhD theses of
Bastian Beskers [129] and Pierre Sissol [130]
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A. Appendix: Applying a global fit
to voxelized data to extract the
S1 detection threshold

A.1. Motivation

The impact of the S1 threshold on the signal shape depends on the position of the
interaction in the TPC. The S1 signal is mainly detected with the bottom PMT array.
This means the uncorrected S1 signals produced close to the bottom array should be
larger due to less loss of signal and thus less affected in shape by the threshold. A
position closer to the center minimizes the impact of signal distortions caused by
reflections of the S1 light off the TPC walls. Combining these effects the S1 signal
should be the least distorted in the center and at the bottom of the TPC, but it is
still expected to be asymmetric due to remaining threshold effects and low photon
count numbers. This is confirmed when analyzing the fit results from different voxels
of the TPC. A comparison of the projected shapes (in S1) is shown in Fig. A.1.

In this section an additional attempt to fit the data is made, this time utilizing a
global fit to also extract the threshold parameters. In this case, each voxel is fitted
with a 2D-skewed-Gaussian multiplied by a threshold, but the threshold parameters
are the same for all voxels. This is realized by minimizing a global Log-Likelihood
function. The cost function used is the sum of all the individual voxel Log-Likelihood
functions. In this way, each voxel has its own set of parameters for the skewed 2D
Gaussian but there is only one set of parameters for the threshold for all voxels.

This method has the advantage of giving only one, spatially independent result for
the threshold. This result would be optimized taking the complete sensitive volume
of the TPC into account. On the other hand, using the finest voxelization tested,
results in a fit with a large number of fit parameters: with an x-y-division into 49
sectors and a z-division into 6 slices, there are 294 voxels in total. Each voxel is fitted
with a 2D skewed Gaussian needing 7 parameters (amplitude, x, y, 04, 0, the rotation
angle © and the skewness «) plus the 4 global parameters defining the threshold. A
fit with this voxelization thus would use 2062 parameters, so it is expected to be quite
unstable and minimization would take long.

The starting values for the parameters were determined in the same way as before,
determined for each voxel independently, and using the fit result shown in Fig. 4.32 as
initial values for the threshold. In fact, the code was written in a way to reuse most
of the functions already used previously.
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Figure A.1.: Comparison of uncorrected S1 shapes in voxels at different positions in
the TPC. The top vozel spans from -10 to -25cm, and the bottom ones from -85 to
-100cm. The central vozel is a cylinder with a radius of 8.4 cm, the outer one is a
ring-section ranging from a distance of 25.2 to 42cm of the center of the TPC. As
expected the lower central voxel has the largest S1. Going to the edge of the TPC
already reduces the amount of detected photons, most likely caused by losses due to
reflections and absorption at the TPC-walls. The top vozels have the lowest S1 values
(all very similar to the shown example), confirming that their shape is much stronger
influenced by the threshold (which is shown as the green line and data points for
comparison, arbitrarily scaled for visibility).

The only difference is a new function, building now a global cost function from
the single voxel cost functions, and the output of this global function is minimized
instead. This new function is shown in in the appendix on page 216.

A.2. Fit performance

A first run with a fine voxelization did not converge. Therefore a number of test runs
with a much smaller amount of voxels were done. For a start, a series of fits was
performed only by dividing the TPC volume into a different number of z slices.

The most obvious divergence observed was for the fit parameters of the threshold
function. Especially the parameters describing the maximum efficiency and the po-
sition deviate from the initially fixed settings. In common for nearly all the fitting
runs is an efficiency value, which was much lower than the experimental one, partially
even resulting in negative values. The fits, when all parameters are left free, result in
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Figure A.2.: Comparison of the threshold shape, based on the results of global vozel
fits with a different number of slices, as the only voxelization is done in z. The black
line is the fit to the XENONIT data. The results from the global fits are scaled to
the same efficiency value to allow an easier shape comparison. Three fits (5, 7, and 9
slices) result in an actually negative efficiency parameter. Also, three of the resulting
thresholds are otherwise very similar in shape (5, 9, and 20 slices). Their shape is
very close to the fit at the data points but with a higher position at around 2.8 PE
instead of 2.4 PE. The values of all the (threshold) fit parameters are given in Table
Al

a variety of fit parameters that all seem to describe the shape of the S1 distribution
quite well. However, the results for especially the efficiency parameter, are unrealistic.
There is a large deviation in the threshold shape (apart from the efficiency parameter)
between the different fits. Fig. A.2 shows a comparison of the shapes for the different
numbers of z slices. All results are scaled to the same efficiency to allow for a simpler
comparison. Interestingly, results from three different divisions (5, 9, and 20 slices)
result in a very similar shape and position, while others completely differ.
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Figure A.3.: Example fit results from one vozel (from the top center of the TPC) when
a global fit is applied to the 3" Ar data. For this fit, the TPC volume was divided into
36 equally sized voxels. All fit parameters were free, with shared parameters between
vozels for the threshold. The shown example results close to the data (in green) in
amplitude, but far off in position. Therefore the shape is threshold dominated and for
compensation the Gaussian is shifted to lower values, resulting in a far to low value
for S1 with (8.363+ 0.075) pe.
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Additional fit attempts were made with a finer voxelization, dividing the x-y-plane
into 9 sectors. Also with this configuration, the too low efficiency values were observed.

A possible solution could be to fix the efficiency parameter to the value obtained
from the experimental data, this case was however covered by a free fit for a division
of the TPC into 36 voxels (one ring map with 9 voxels, z division into 4 slices).
As shown in Fig. A.3, the found global efficiency parameter has a maximum value
of 0.932+0.007, very close to the 0.91740.002 found with a fit to the threshold
datapoints (see Fig.4.31). The resulting S1 value of the distribution, however, is
at a much too low value due to a very high threshold position at 4.194 £ 0.027 pe
compared to the data-based 2.419 +0.024 pe. An additional attempt to fit only the
central region of the TPC was made. Here, not the full diameter of the TPC was
fitted, but only a cylindrical selection in the center, with a radius of 20 cm. With that
selection, edge effects of the detector (for instance light collection efficiency variations
due to reflection at the detector walls) on the signal shape should be avoided or
minimized. This selection, however, did not improve the results.

Threshold fit parameter
Fit settings a \ rs \ € \ T
| Threshold only | 0.917+0.002 | 2.419+0.024 | 0.282£0.008 | 1.027 £0.049 |
0 Rings, 3 Slices | 0.142+0.003 | 4.08240.030 | 0.506 & 0.006 | 0.158 = 0.002
0 Rings, 5 Slices | -0.039+0.002 | 2.823+0.032 | 1.011+0.036 | 0.204 £ 0.008
0 Rings, 7 Slices | -0.006+0.002 | 2.951£0.025 | 0.941 +0.032 | 0.154 £ 0.004
0 Rings, 9 Slices | -0.024£0.002 | 2.774£0.042 | 1.039£0.032 | 0.214 £0.011
0 Rings, 15 Slices | 0.077£0.012 | 2.801£0.037 | 0.230£0.03 | 0.837 £0.028
0 Rings, 20 Slices | 0.129+0.002 | 2.801£0.042 | 1.022+0.038 | 0.205 £ 0.011
1 Ring, 3 Slices | 0.03340.003 [ 3.857 £0.033 | 0.562+0.011 | 0.165 4 0.003
1 Ring, 4 Slices | 0.93240.007 [ 4.194+0.027 | 0.493 +0.007 | 0.160 4 0.003

Table A.1.: Comparison of the fixed parameters used in the local fits (individual fits
for each voxel as it was done in Section 4.7) with the parameters obtained in various
global fit attempts. A clear trend to very low values (even negative) for the efficiency
parameter a can be observed, with generally higher position values xg than the data
based ones. An exception is the 1 Ring/4 Slice combination, which results in an
efficiency very close to the data, but also here the position is at far too high values.
This results mostly in too low values for the position, which is also shown in Fig. A.3.

Based on the results presented in this section, the global fit, in its current state, does
not result in reliable results. The shapes of the event distribution are well described,
but the strong correlation between the threshold and S1 position prevents this method
from resulting in a stable and reliable outcome.

One reason might be that the signal shape in S1 is not Gaussian at all due to the
low photon number and it is better described with a smeared binomial or Poisson
distribution and a threshold.
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B.1. XENON1T working principle
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Figure B.1.: Phase diagram of zenon. Plot taken from [45].
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Figure B.2.: Decay curves of liquid xenon for different types of exciting particles like
electrons, fission fragments and alpha particles. The top curve is without applied
electric field. It shows the two present decay time constants of ~ /ns (limited by
readout system) and ~ 22ns for the decay of the singlet and triplet state, respectively
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B.2. XENONIT 3" Ar Distillation

B.2. XENONI1T 3’Ar Distillation
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Figure B.3.: The 20 runs used to estimate the background levels before the 37 Ar cali-
brations. A mean value of 15879.80 events/run are calculated from these runs. The
number of useful runs was limited to this low number as detector conditions before
these runs were different due to other tests.
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Figure B.4.: Detail of the lower energetic 0.27keV line of the 3" Ar decay. The events
are clearly visible at cS2= 400 pe. The shown S2 in that regime are paired with random
S1s, as the expected amount of light produced in this interaction is well below 1 pe. This
peak also only shows up in the 3" Ar data sets and is not visible in the background data.
766 runs of > Ar data are accumulated in this plot.
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Figure B.5.: Shape of the ellipsoidal event selection for the rate calculation, only the
events in the highlighted region are used. The ellipsoidal shape was placed in way
that it includes 99.6 % of the peak events. By selecting this way a much cleaner data
sample is selected. This plot was created by Matteo Alfonsi.
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B.3. XENONI1T Electron lifetime estimation
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Figure B.6.: Ezponential fit to the mean $2porom of 12" Xe with values obtained from
the Gaussian fits in each of 30 time slices. The large fluctuations are due to the low
statistics of this source.
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Figure B.7.: Ezponential fit to the mean $2poom of 1" Xe with values obtained from
the Gaussian fits in each of 30 time slices. The large fluctuations are due to the low
statistics of this source.
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Figure B.9.: Ezample fit of one time slice of ?*® Po.
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Figure B.10.: Ezponential fit to the mean s2ot0m 0f 222 Rn with values obtained from
the Gaussian fits in each of 30 time slices.
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Figure B.11.: Ezample fit of one time slice of **>Rn.
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Field corrected S2,, fits
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Figure B.12.: Ezponential fit to the field corrected mean $2poom of 37 Ar with 100 time
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Figure B.13.: Ezponential fit to the mean $2porom of S5 Kr with 100 time slices. The
obtained lifetime is (915.89+ 0.18) us.
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Figure B.14.: Exzponential fit to the field corrected mean $2porrom of 2™ Xe with 30
time slices. The obtained lifetime is (931.69+ 6.81) us.
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Figure B.15.: Ezponential fit to the mean s2vorom of '™ Xe with 30 time slices. The

obtained lifetime is (937.37+ 9.32) us.
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B.4. XENON1T Afterpulse correction
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Figure B.16.: Simple selection for 12" Xe . The threshold used is identical to the one
for 3T Ar . Below the threshold only a few events are selected for AP correction.
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Figure B.17.: Simple selection for 131 Xe . The threshold used is identical to the one
for 3T Ar . Below the threshold only a few events are selected for AP correction.
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Figure B.18.: Distribution of the second AP candidate of 3" Ar . The amount of peaks
1s already drastically reduced.
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Figure B.19.: Distribution of the third AP candidate of 3" Ar . Besides the accidental
classified peaks with unusual rise times. no further peaks are present.
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B.5. XENON1T 2D-Fit plots

Voxel ID (Slice/Voxel): 5 2

2500 T
amp=5.986+-0.531
- X 0=11.845+-0.114
" y 0=1366.604+-3.003
b sigma_x=5.79+-0.09
sigma_y=198.064+-1.224
2000 thetaXL=9.432+-0.0 4
skew=1.266+-0.148
a_eff=1.013+-0.089
X_eff=4.837+-4.512 10! ¢
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(a) 2D-Skew Gaussian fit to vozel data with free threshold parameters.
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amp=5.363+-0.086
. X 0=12.991+-0.038
- y 0=1358.743+-2.334
b sigma_x=5.597+-0.066
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2000 thetaX1.=9.431+-0.0 y
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X eff=2.419+-0 10!
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(b) 2D-Skew Gaussian fit to voxel data with fized threshold parameters.

Figure B.20.: The two 2D-Skew Gauss fit examples show the same data with two
different fits, one time with free threshold parameters (Fig. a) and one time with fized
threshold parameters (Fig. b). The contours indicate a good shape of both the fits,
the fit parameters however reveal some unlikely values. Most prominently a detection
efficiency of larger then 100 % in case of the free threshold fit. But also the ¢S1 results
differ by more than 1 pe, a result of compensating the threshold position which is at a
too high pe value.
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B.6. Additional plots: SiPM Introduction
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Figure B.21.: Example of an I-V curve. The turning point in the curves can easily
be determined and have a constant offset to the breakdown voltage. This can be used
to characterize a large amount of SiPMs, as only a small voltage region needs to be
scanned to determine a value for the breakdown voltages. Figure taken from [114].
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B.7. Additional plots: SiPM Setup

510943-3186 (X) TENTATIVE SPECIFICATIONS

MSpecifications (Ta=25 deg C)

Parameter Symbol Condition min typ max Unit
Spectral response Range — 130~900 — nm
Peak sensitivity wavelength — 430 — nm
Pixel pitch — a0 — um
Effective photosensitive area Device Type A - 5.95x5.85 | — mm*
/channel Type B - B.T0 x B.60 [ — mm”
Recommended operating voltage )

Vop at M=1. 25 10° 60 T0 20 V
range #2
Vop variation between channels - 0.3 0.5 V
Temperature coefficient
— 60 —— | mV/deg C

of reverse voltage

VR=V (M=1. 25 10%)
Detection efficiency %3 FDE 20 25 - %
A =175nm, in a vacuum

1D VR=Vop
Dark count/channel — #4 Device Type A - 7.0 21.0 MHz
Tvpe B - 6.4 19,2 MHz
Ct VR=V (M=1. 25 X 10°)
Terminal capacitance/channel Device Type A 5 - 1200 - pF
Tvpe B - 1100 - pF
Gain at Vop W VE=Vop - 1. 25> 10° -— -

*#2 Refer to the attached data for recommended operation voltage of each product.
43 The detection efficiency acquired by photocurrent is affected by optical cross talks and after
pulses.

#4 The dark current is attached to each product.

Figure B.22.: Operational specifications and expected performance parameter of the
Hamamatsu model 510943 MPPC. Information provided by Hamamatsu alongside
the test samples.
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to let liquid Xe get into device

Figure B.23.: Dimensional drawing of the Hamamatsu model S10943 MPPC, contain-
ing 4 separate StPMs in one ceramic housing, protected by a quartz window to preserve
UV-sensitivity. Drawing provided by Hamamatsu alongside the test samples.

$13370-3050CN SAMPLE data sheet

mDimensional outline (unit: mm)

_2.0%02 6.0+05
2|3
HlE
g. ED . 2.541’[“5'
3|F
=| & anode cathode
Sl
, . ]:\tr— : N} ) \/:f_ |
: ‘ N | N
© &
[~} \
+
e
2 T
“ ) A
P "\_ CERAMIC : white
I
O
| 045
5.9+0.15

active area : 3.0x3.0
general tolerance : +0,2

HAMAMATSU
Figure B.24.: Dimensional drawing of the Hamamatsu model S13770 MPPC, contain-

ing one SIPM in one ceramic housing. In this model no protective quartz window is
present. Extract from the Hamamatsu datasheet [131].
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m S13370 series
S13370 series are basic VUV-MPPCs with 4™ generation (VUV4).

Sensitivity for 178nm (Lig. Xe) Low RI

Sensitivity for 128nm (Lig. Ar)

m  Structure

513370
Parameters unit
-3050CN -3075CN -6050CN -6075CN
Effective photosensitive area 3.0x 3.0 6.0x 6.0 mm?
Pixel pitch 50 75 50 75 pm
Number of pixels / channels 3600 1600 14400 6400 -
Geometrical fill factor 60 70 60 70 %o
Package Ceramic -
Window Unsealed -
B Absolute maximum ratings
Parameters Symbol S13370 series unit
Operating tre:mplre:ratl.lrte'l Topr up to +60 T
Storage temperature™* Tstg -20 to +80 T
! . 350 T or less, once,
soldering condition Tsol o -
within 3 seconds
*1. No condensation
m Electrical and optical characteristics .
(Typ. Ta=25 deg C, Over voltage=4.0V Unless otherwise noted)
S13370 .
Parameters Symbol unit
-3050CN ‘ -3075CN ‘ -6050CN | -6075CN
Spectral response range A 120 to 900 nm
peak sensitivity wavelength Ap 500 nm
Photon detection efficiency at Ap? | PDE 35 | 40 | 35 | a0 %
Break down Voltage VBR 53 +/-5 \%
Recommended operating voltage ° | Vop VBR + 4 v
Dark count typ. 1.0 4.0
Mcps
max. 3.0 12.0
Crosstalk probability - 3 ‘ 5 3 | 5 %
Terminal capacitance Ct 320 1280 pF
Gain M | 2.55x108 | 5.8x108 | 2.55x10¢ | s.8x108 | -
Temperature coefficient of
ATVop 54 (around the room temperature) mv/C
recommended reverse voltage

*2: Photon detection efficiency does not include crosstalk and after pulse.

*3: Refer to the data attached for each product.

Figure B.25.: Operational specifications and expected performance parameter of the
Hamamatsu model S13370 MPPC. Extract from the Hamamatsu datasheet [131].
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SiPM test setup sensor configuration

Figure B.26.: Sensor configuration in the test setup during the measurement runs. In
the upper right corner is the Hamamatsu model S10942, then (clockwise) the 1" PMT
R8520 from Hamamatsu, the Hamamatsu model S13370 MPPC and in the upper left
the sample from KETEK. As can be seen the signal from the KETEK is connected via
a SMA connector, the cables for the Hamamtsu MPPCs are soldered to pins, where
the MPPC's are plugged in. In the center the drain pipe for the xenon is visble. Also
the fibers can be seen which lead to a small, hollow PTFE cylinder placed in front of
every sensor, to provide a diffuse illumination for calibration.
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Figure B.27.: The setup with the tmproved copper-sheet shielding around the PMT.
This was necessary as the PMT induced massive baseline noise into the SiPM lines
when detecting a signal.
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SiPM Amplifier

|

SiPM HV Filter

Rlpgy 1EQ
R2yy 1kQ
CHV 1nF
’ Signal decoupling
Ropr 100 €2
Rin 3002
A open
B open
C 1uF
| Amplification
Rour 502
Recain 502
RFeedback: 1k§2
| AD8009 Power Filter |
Cl 10 ,U,F
Cy 100 nF
Cs 10 uF
04 100 nF

Table B.1.: Component values used on the SiPM amplifier boards, as shown in Figures
7.9 and 7.10, during the SiPM measurements. The board configuration was the same

for all three SiPMs tested.
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SiPM Power Supply SiPM Signal

SiPM Power
Supply
Low-pass
Filter

Amplifier Power |
Supply

Amplified Signals Out

Figure B.28.: Picture of the amplifier setup used during the SiPM data taking. The
amplifier boards are mounted vertically between the two plastic bars in the middle of
the box. In this picture also the additional low-pass noise filters for the SiPM-HV are
seen to reduce the ripple of the CAEN Power supply (Model A 1510, 12 Channel). All
cable feed-throughs are floating, either
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B.8. Code snippets for 2D fits

B.8.1. Likelihood class for voxel fits

This is a short description of the class that builds the Log-Likelihood function used to
fit the two-dimensional S1-S2-dataspace. In general, this class offers the possibility to
build a Likelihood function out of a variety of so-called fitmodels. The fitmodels
include definitions for standard 2D-Gaussians and 2D-Skewed Gaussians, both with
a threshold function included and without. This fitmodels include the model in
standard form, as well as in a logarithmic form, as both are needed later. xydata
contains the binning information in the form of a 2 dimensional mesh grid. para_dict
is a dictionary that will contain all the parameter values from the fit. Each parameter
name consists of its name and the voxel ID. fitVarParas and fitGlobalParas are
lists of the parameter names that are variable (can be changed by the minimizer) and
that are global, e.g. shared between all voxels, respectively. func_code contains a
list of all parameters in the function. In a single voxel fit case, this is identical to
the parameters of the used fit model. It becomes important in a global fit, as the
likelihood function is built from multiple single voxel Likelihoods, so that the global
Likelihood can contain up to several hundred individual parameters.

class global LogL cl:
def  init  (self, fitmodel, xdata, para dict,
fitVarParas , fitGlobalParas , func code):

self . fitmodel = fitmodel

self .xydata = xydata

self .para_dict = para_dict

self . fitVarParas = fitVarParas

self . fitGlobalParas = fitGlobalParas

self . func code = iminuit.util.make func code(func code)
self . errordef =1

In the following method the actual cost function, which will be minimized, is built,
following the explanation given in Section 4.7. This cost function is created for one
voxel and in the case of local fits (where each voxel is fitted for itself), this is the
function that is returned to the minimizer for the fit.

def logL single(self , zdata, xparas):

n_ i = zdata
n i = np.array(n_i)

v i exp = self.fitmodel [0]|( self.xydata, xparas)
v_i log = self.fitmodel [1]|( self.xydata, xparas)

v_1i = np.array(v_i exp)
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lh array = np.zeros(len(n i))

# use log function (also taking empty bins into

# account with case selection ):

lh array = np.where(n i > 0, n_ix(np.log(n _i)—v_ i log)
+ v i exp — n i, lh array)

lh array = np.where(n i =— 0, v_ i — n_ i, lh array)

log L = np.sum(lh array)

return 2xlog L

B.8.2. Update of Likelihood class to allow global fitting

Instead of just returning the local cost-function, this method builds a global cost
function out of the individual voxels cost function. When the class is called for a
global fit, the list of fit parameters and the data in each voxel are handed over in
form of a dictionary. The corresponding parameters and data for each voxel are also
assigned to the proper cost function. In the end, the global cost function (the sum of
all individual cost functions) is returned to be minimized.

def  call (self, xparas):
global log cost = 0

for vox in range(len(self.para_ dict|’voxel id’])):
voxel paras = ()

# select voxel data:
data = self.para_ dict|’data’ +

+ self.para_dict| voxel id’|[vox]]

# select voxel parameters from global parameter
# tuple :
for i in range(len(self.fitVarParas)):
voxel paras += (paras|vox x (len(paras)
— len(self.fitGlobalParas))//
len(self.para dict|’voxel id’|) + i],)
for j in range(len(self.fitGlobalParas)):

voxel paras += (paras|len(paras)
— len(self.fitGlobalParas) + j],)

# build global logL cost function

global log cost += self.logl single(data, *xvoxel paras)
return global log cost
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The way the function is called determines if it is doing a global or local fit. In
the case of a global fit, it is called with a dictionary which contains multiple sets of
parameters and data, which is used to build the global cost function.

In the local fit case, the function is called with a dictionary, which contains only
one set of parameters and one data set. The length of the global fit parameter list is
zero and the global cost function is identical to the local one. In this case the program
calling this class is looping over the voxels, creating individual cost functions for each
voxel, which are minimized sequentially.

In the global fit case, only one fit is done, which includes one cost function and
works with all voxel parameters and on all voxel data simultaneously. This fit takes
some time to be minimized. For example, fitting globally with a TPC division into
2 slices containing 9 voxels each, so in total 18 voxels, with 7 parameters for the 2D
Gauss in each voxel and 4 global free parameters for the threshold, it has to handle
130 parameters. With these conditions this fit has a runtime of about 45 min.

B.9. 3"Ar S1-cS2 voxel-fit results

The following table contains the results of the 2D fit using the skewed Gaussian
function, including a threshold but with fixed parameters as given in Table 4.4. Addi-
tionally, the correction factors for the S1 are given. These values are used to calculate
the photon and electron yield of 37Ar. It is noticeable that the rotation angle © is very
stable, varying only by one per mille across the TPC, whereas the skewness parameter
varies by up to 50 %.

’ Slice \ Voxel \ S1 \ €S2y, \ 051 \ Oes2 \ S} \ « \ Sleor ‘
0 0 10.416 | 1247.525 | 5.76 124.955 | 9.439 1.73 1.249
+0.062 | £2.189 | £0.088 | £1.11 | £0.001 | £0.117
0 1 10.4 | 1247.364 | 5.682 | 125.873 | 9.438 1.566 | 1.262
+0.062 | £2.152 | £0.095 | £1.075 | £0.001 | £0.123
0 2 10.373 | 1254.425 | 5.767 | 127.305 | 9.436 1.753 | 1.274
+0.061 | £2.25 | £0.093 | £1.11 | £0.001 | £0.128
0 3 10.357 | 1256.907 | 6.298 | 130.442 | 9.439 2431 | 1.292
+0.066 | £2.492 | £0.088 | £1.249 | £0.001 | £0.163
0 4 10.245 | 1258.362 | 5.777 | 127.318 | 9.438 1.813 | 1.285
+0.063 | £2.155 | £0.094 | £1.224 | £0.001 | £0.142
0 d 10.535 | 1251.886 | 5.677 | 127.829 | 9.437 1.57 | 1.263
+0.063 | £2.258 | £0.096 | £1.131 | £0.001 | £0.117
0 6 10.461 | 1235.19 | 5.875 | 127.854 | 9.436 1.743 | 1.254
£0.065 | £2.333 | £0.095 | £1.152 | £0.001 | £0.125
0 7 10.561 | 1237.198 | 5.937 | 127.427 | 9.438 2.089 | 1.247
£0.058 | £2.259 | £0.086 | £1.128 | £0.001 | £0.136

( To be continued)
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’ Slice ‘ Voxel ‘ S1 ‘ €S2y ‘ 051 ‘ 0cS2 ‘ © ‘ « ‘ Sleor ‘

0 8 10.581 | 1235.218 | 5.825 | 124.922 | 9.437 | 1.901 | 1.25
+0.057 | £2.148 | +£0.085 | £1.074 | +0.001 | £0.122

0 9 10.368 | 1244.691 | 5.864 | 135.996 | 9.437 | 1.953 | 1.262
+0.064 | +£2.588 | +£0.094 | £1.285 | +0.001 | +0.144

0 10 10.382 | 1247.681 | 5.94 | 134.944 | 9.436 1.966 | 1.274
+0.06 | +2.402 | £0.088 | +£1.179 | £0.001 | £0.132

0 11 10.408 | 1242.427 | 5.856 | 131.941 | 9.434 | 2.027 | 1.278
+0.058 | 4+2.403 | +£0.088 | £1.166 | £0.001 | +0.135

0 12 10.191 | 1251.162 | 5.706 | 133.61 | 9.436 1.919 | 1.299
+0.062 | +£2.52 +0.09 | £1.244 | £0.001 | +0.132

0 13 10.06 | 1234.111 | 5.858 | 134.432 | 9.436 1.921 | 1.298
+0.06 | +2.347 | £0.086 | +1.145 | £0.001 | £0.133

0 14 10.045 | 1234.921 | 5.461 | 134.568 | 9.435 1.473 | 1.307
+0.07 | +£2.625 | +0.11 | +£1.292 | £0.001 | £0.138

0 15 10.223 | 1247.3 5.87 | 138.491 | 9.436 1.934 1.3
+0.062 | +2.513 | +£0.088 | £1.239 | +£0.001 | +0.13

0 16 10.078 | 1247.827 | 5.893 | 135.652 | 9.433 1.616 | 1.294
+0.074 | £2.591 | £0.106 | +1.244 | £0.001 | +0.135

0 17 10.206 | 1248.42 | 5.826 | 134.725 | 9.436 1.726 | 1.268
+0.065 | £2.491 | £0.091 | £1.228 | £0.001 | +0.124

0 18 10.568 | 1234.091 | 5.668 | 131.79 | 9.433 1.575 | 1.26
+0.062 | £2.362 | +£0.102 | £1.16 | +0.001 | £0.123

0 19 10.474 | 1224.83 | 5.801 | 133.797 | 9.435 1.861 | 1.253
+0.059 | £2.381 | £0.088 | £1.173 | £0.001 | +0.121

0 20 10.439 | 1224.761 | 5.862 | 137.494 | 9.436 1.831 | 1.253
+0.065 | £2.563 | £0.094 | £1.272 | £0.001 | +0.131

0 21 10.446 | 1223.766 | 5.841 | 135.284 | 9.435 1.79 1.24
+0.059 | £2.305 | +£0.092 | £1.131 | +0.001 | £0.132

0 22 10.599 | 1227.148 | 6.186 | 133.263 | 9.437 | 2.457 | 1.252
+0.056 | £2.379 | +£0.083 | £1.214 | +0.001 | +0.15

0 23 10.596 | 1227.586 | 6.015 | 132.943 | 9.435 1.972 | 1.251
+0.058 | £2.276 | +0.087 | £1.109 | +0.001 | £0.128

0 24 10.438 | 1243.397 | 6.012 | 131.156 | 9.435 | 2.114 | 1.26
+0.058 | £2.327 | £0.084 | £1.124 | +0.001 | +0.131

1 0 11.693 | 1282.416 | 6.167 | 140.694 | 9.435 1.892 | 1.136
+0.06 | +£2.492 | £0.094 | +£1.253 | £0.001 | £0.116

1 1 11.567 | 1285.689 | 6.096 | 144.596 | 9.437 | 1.753 | 1.149
+0.059 | £2.405 | +0.092 | £1.224 | +0.001 | £0.112

1 2 11.406 | 1284.755 | 6.018 | 146.75 | 9.436 1.569 | 1.159
+0.063 | +£2.529 | +0.104 | £1.272 | +0.001 | £0.119

1 3 11.437 | 1279.06 | 6.094 | 141.705 | 9.436 1.752 | 1.165
+0.066 | +2.644 | +0.104 | £1.335 | +0.001 | £0.126
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B.9. 3" Ar S1-¢S2 voxel-fit results

’ Slice ‘ Voxel ‘ S1 ‘ €S2y, ‘ 051 ‘ OS2 ‘ S} ‘ o} ‘ S1eor ‘

1 4 11.542 | 1280.797 | 6.073 | 142.725 | 9.436 | 1.708 | 1.154
+0.062 | +2.415 | £0.097 | +£1.227 | £0.001 | £0.112

1 5 11.567 | 1284.791 | 5.767 | 143.977 | 9.436 | 1.579 | 1.142
+0.061 | +2.571 | £0.102 | +£1.308 | £0.001 | £0.116

1 6 11.523 | 1275.956 | 6.366 | 141.473 | 9.435 | 1.847 | 1.135
+0.065 | +2.545 | £0.103 | +£1.261 | £0.001 | 4+0.13

1 7 11.553 | 1277.244 | 6.242 | 144.765 | 9.437 | 1.816 | 1.132
+0.064 | +2.599 | £0.102 | +£1.311 | £0.001 | £0.128

1 8 11.548 | 1280.822 | 6.226 | 144.496 | 9.436 | 1.932 | 1.139
+0.059 | +2.409 | £0.088 | +1.221 | £0.001 | +0.11

1 9 11.532 | 1278.625 | 6.243 | 146.998 | 9.437 | 2.031 | 1.158

+0.063 +2.7 4+0.094 | +£1.368 | £0.001 | £0.127
1 10 11.317 | 1271.839 | 5.979 | 147.575 | 9.435 1.648 | 1.171
+0.061 | +2.549 | +£0.101 | £1.277 | £0.001 | £0.121
1 11 11.176 | 1269.437 | 5.901 144.27 | 9.434 1.546 | 1.171
+0.064 | +2.573 | +£0.113 | £1.272 | £0.001 | £0.132
1 12 11.289 | 1273.421 | 6.006 | 153.648 | 9.434 1.611 | 1.171
+£0.065 | £2.75 | £0.103 | £1.381 | £0.001 | £0.117
1 13 11.138 | 1269.95 6.154 | 148.679 | 9.436 1.822 | 1.176
+0.064 | +£2.669 | £0.101 | £1.329 | £0.001 | £0.134
1 14 11.053 | 1257.946 | 5.986 | 149.269 | 9.437 1.722 | 1.186
£0.07 | £2.922 | £0.107 | £1.464 | £0.001 | £0.133
1 15 11.342 | 1270.32 6.282 | 148.226 | 9.436 1.865 | 1.164
+0.062 | £2.573 | £0.094 | £1.288 | £0.001 | £0.118
1 16 11.417 | 1290.056 | 6.164 | 150.507 | 9.437 2.115 | 1.164
+0.068 | £3.045 | £0.103 | £1.554 | £0.001 | £0.152
1 17 11.469 | 1275.141 | 6.024 | 152.531 | 9.435 1.71 1.146
+0.063 | £2.766 | £0.109 | £1.378 | £0.001 | £0.136
1 18 11.525 | 1272477 | 6.173 | 151.671 | 9.435 1.832 1.14
+0.062 | +£2.712 | £0.098 | £1.361 | £0.001 | £0.12
1 19 11.462 | 1258.742 | 5.899 148.43 | 9.436 1.545 | 1.147
+0.062 | £2.575 | £0.102 | £1.304 | £0.001 | £0.113
1 20 11.586 | 1244.485 | 5.944 | 151.787 | 9.433 1.527 | 1.143
+0.063 | £2.667 | £0.108 | £1.339 | £0.001 | £0.116
1 21 11.544 | 1256.827 | 5.838 149.54 | 9.435 1.629 1.13
+0.058 | £2.537 | £0.096 | £1.288 | £0.001 | £0.112
1 22 11.413 | 125544 | 5.841 | 151.845 | 9.434 1.554 | 1.141
+0.06 +2.63 | £0.102 | £1.322 | £0.001 | £0.113
1 23 11.618 | 1271.562 | 6.084 | 150.994 | 9.437 1.839 1.14
+0.057 | £2.498 | +0.089 | £1.277 | £0.001 | £0.113
1 24 11.468 | 1275.202 | 6.068 | 149.196 | 9.435 1.654 1.15
+0.062 | +£2.581 | +£0.104 | £1.272 | £0.001 | £0.126

( To be continued)
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B. Appendix

’ Slice ‘ Voxel ‘ S1 ‘ €S2y, ‘ 051 OS2 ‘ () ‘ o) ‘ Sleor ‘
2 0 12.826 | 1312.882 | 6.503 | 158.094 | 9.436 | 1.896 | 1.02
+0.061 | £2.701 | £0.096 | +£1.393 | £0.001 | +0.109
2 1 12.751 | 1305.994 | 6.429 | 155.236 | 9.436 | 1.895 | 1.038
+0.057 | £2.535 | £0.096 | £1.287 | +0.001 | £0.113
2 2 12.54 | 1307.312 | 6.367 156.3 9.437 | 1.784 | 1.048
+0.06 | £2.677 | £0.088 | £1.359 | £0.001 | £0.098
2 3 12,726 | 1296.964 | 6.205 | 154.615 | 9.434 | 1.436 | 1.043
+0.066 | £2.74 | £0.116 | £1.404 | £0.001 | +0.106
2 4 12.697 | 1314.642 | 6.403 | 160.557 | 9.437 | 1.893 | 1.036
+0.062 | +2.803 | £0.098 | +1.451 | £0.001 | +0.114
2 5 12.768 | 1305.46 | 6.413 | 158.508 | 9.436 | 1.754 | 1.024
+0.063 | +£2.764 | £0.101 | £1.423 | £0.001 | +0.108
2 6 12.822 | 1269.738 | 4.886 | 156.132 | 9.431 | 0.002 | 1.023
+0.068 | +£2.602 | £0.051 | £1.325 | +0.0 | +2.624
2 7 12.798 | 1286.892 | 6.522 | 160.202 | 9.434 1.8 1.023
+0.06 | +£2.685 | £0.101 | +1.358 | +0.001 | £0.109
2 8 12.706 | 1298.865 | 6.341 | 158.062 | 9.434 | 1.647 | 1.029
+0.058 | £2.532 +0.1 | £1.286 | £0.001 | £0.102
2 9 12.358 | 1298.984 | 6.613 | 158.149 | 9.436 | 2.038 | 1.059
+£0.067 | £2.956 | £0.104 | £1.501 | £0.001 | £0.132
2 10 12.397 | 1298.159 | 6.25 | 162.274 | 9.434 | 1.565 | 1.057
+0.062 | £2.724 | £0.102 | £1.393 | £0.001 | £0.101
2 11 12.358 | 1299.129 | 6.412 | 164.963 | 9.436 | 1.897 | 1.063
+0.061 | £2.835 | £0.096 | £1.449 | £0.001 | +0.114
2 12 12.421 | 1294.266 | 6.228 | 160.743 | 9.434 | 1.673 | 1.063
+0.065 | £2.79 | £0.107 | £1.382 | £0.001 | £0.109
2 13 12.26 1290.3 5.939 |160.742 | 9.434 | 1.406 | 1.061
+0.065 | +£2.923 | £0.111 | £1.442 | £0.001 | £0.11
2 14 12.321 | 1282.592 | 6.316 | 160.904 | 9.434 | 1.645 | 1.066
+0.07 | £3.063 | £0.112 | £1.562 | £0.001 | £0.114
2 15 12.371 | 1287.199 | 6.278 | 161.12 | 9.436 | 1.747 | 1.059
+0.061 | £2.73 | £0.096 | £1.412 | £0.001 | £0.107
2 16 12.553 | 1312.69 6.16 | 168.071 | 9.435 | 1.588 | 1.045
+0.07 | £3.281 | £0.117 | £1.688 | £0.001 | £0.119
2 17 12.533 | 1299.952 | 6.164 | 164.698 | 9.435 | 1.673 | 1.039
+0.062 | +£2.878 | £0.103 | £1.476 | £0.001 | +0.109
2 18 12.689 | 1286.847 | 6.554 | 157.534 | 9.434 | 1.855 | 1.033
+0.064 | £2.833 | £0.108 | £1.418 | £0.001 | +0.122
2 19 12.671 | 1284.093 | 6.646 | 163.509 | 9.436 | 1.985 | 1.035
+0.063 | £2.822 | £0.095 | £1.466 | £0.001 | +0.109
2 20 12.685 | 1273.112 | 6.11 | 164.795 | 9.434 | 1.366 | 1.036
+0.064 | £2.848 | £0.117 | £1.45 | £0.001 | £0.107
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B.9. 3" Ar S1-¢S2 voxel-fit results

’ Slice ‘ Voxel ‘ S1 ‘ €S2y, ‘ 051 OS2 ‘ S} ‘ o} ‘ S1eor ‘
2 21 12.593 | 1286.793 | 6.524 | 164.089 | 9.436 | 1.933 | 1.028
£0.056 | +£2.737 | £0.093 | £1.368 | £0.001 | +£0.112
2 22 12.607 | 1283.917 | 6.149 | 160.948 | 9.436 | 1.615 | 1.036
+0.063 | +2.841 | £0.105 | +1.467 | £0.001 | +0.11
2 23 12714 | 1288.37 | 6.262 | 163.63 | 9.435 1.68 1.04
£0.059 | +£2.681 | £0.095 | £1.381 | £0.001 | +0.098
2 24 12,742 1 1289.714 | 6.13 | 162.834 | 9.433 | 1.822 | 1.046
£0.056 | £2.77 | £0.096 | £1.406 | £0.001 | £0.108
3 0 14.358 | 1332.352 6.8 166.587 | 9.437 | 1.886 | 0.913
+0.065 | +2.892 | £0.101 | +1.522 | £0.001 | £0.101

3 1 13.991 | 1320.016 | 6.553 | 170.126 | 9.434 1.519 | 0.943
+0.061 | £2.77 | £0.117 | £1.417 | £0.001 | £0.107

3 2 13.981 | 1316.408 | 6.657 | 169.552 | 9.434 1.627 | 0.95
+0.063 | £2.821 | £0.109 | £1.451 | £0.001 | £0.099

3 3 13.996 | 1318.77 | 6.998 | 164.353 | 9.435 1.763 | 0.946

+0.072 | +3.051 | +0.121 | £1.558 | £0.001 | £0.115
3 4 14.036 | 1326.834 | 6.638 | 170.061 | 9.435 1.59 0.938
+0.064 | +2.851 | +£0.112 | £1.474 | £0.001 | £0.104
3 D 14.099 | 1322.883 | 6.542 | 170.003 | 9.433 1.522 | 0.925
+0.064 | £2.88 | £0.116 | £1.487 | £0.001 | £0.101
3 6 14.316 | 1320.984 | 6.564 | 172.583 | 9.434 1.666 | 0.919
+0.061 | £2.846 | £0.106 | £1.474 | £0.001 | £0.098
3 7 14.251 | 1312.881 | 6.478 167.43 | 9.434 1.489 | 0.923
+0.061 | £2.718 | £0.109 | £1.414 | £0.001 | £0.092
3 8 14.189 | 1321.773 | 6.582 | 166.211 | 9.436 1.6 0.933
+0.061 | +£2.667 | £0.102 | £1.393 | £0.001 | £0.092
3 9 13.788 | 1314.304 | 6.486 | 169.123 | 9.433 1.666 | 0.967
+0.064 | +£2.988 | +£0.112 | £1.533 | £0.001 | £0.107
3 10 13.665 | 1317.963 | 6.676 | 176.755 | 9.434 1.687 | 0.972
+0.061 | +£2.879 | +£0.107 | £1.472 | £0.001 | £0.106
3 11 13.713 | 1316.339 6.34 174.834 | 9.433 1.521 | 0.969
+0.06 | +£2.885 | £0.111 | £1.484 | £0.001 | +£0.101
3 12 13.612 | 1310.655 | 6.214 | 172.402 | 9.433 1.414 | 0.975
+0.063 | £2.968 | £0.122 | £1.519 | £0.001 | £0.11
3 13 13.365 | 1314.481 | 6.678 | 172.256 | 9.435 1.752 | 0.969
+0.069 | +3.205 | £0.116 | £1.641 | £0.001 | £0.118
3 14 13.737 | 1306.245 | 6.636 | 177.737 | 9.435 1.771 | 0.976
+0.071 | £3.407 | £0.116 | £1.764 | £0.001 | £0.115
3 15 13.624 | 1304.971 | 6.358 | 172.232 | 9.433 1.469 | 0.97
+0.061 | +£2.821 | +£0.112 | £1.454 | £0.001 | £0.099
3 16 13.74 | 1321.943 | 6.217 | 179.197 | 9.433 1.426 | 0.957
+0.07 | +3.409 | +£0.128 | £1.767 | £0.001 | £0.112

( To be continued)
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B. Appendix

’ Slice ‘ Voxel ‘ S1 ‘ €S2y, ‘ 051 ‘ OS2 ‘ () ‘ o) ‘ Sleor ‘

3 17 13.829 | 1323.283 | 6.484 | 173.807 | 9.434 | 1.551 | 0.943
+0.066 | £3.048 | £0.116 | £1.573 | £0.001 | £0.106

3 18 13.994 | 1310.893 | 6.622 | 172.85 | 9.434 1.68 | 0.936
+0.063 | +£2.981 | £0.114 | £1.526 | £0.001 | £0.11

3 19 14.099 | 1297.875 | 6.632 | 173.501 | 9.434 | 1.699 | 0.939
+0.062 | 4+2.888 | +£0.104 | £1.495 | £0.001 | +0.098

3 20 14.026 | 1292.416 | 6.613 | 174.734 | 9.434 | 1.655 | 0.939
+0.061 | 4+2.869 | +£0.109 | £1.471 | £0.001 | +0.103

3 21 14.145 | 1305.943 | 6.808 | 171.833 | 9.434 1.57 ] 0.935
+0.063 | +£2.797 | £0.115 | £1.434 | £0.001 | +0.102

3 22 13.739 | 1314.09 | 6.478 | 179.005 | 9.435 | 1.506 | 0.936
+0.066 | +3.089 | +£0.114 | £1.601 | £0.001 | +0.104

3 23 14.025 | 1312.112 | 6.664 | 176.932 | 9.433 1.632 | 0.946
+0.059 +2.8 +0.107 | £1.434 | £0.001 | +0.1

3 24 13.804 | 1316.101 | 6.707 | 175.049 | 9.435 1.804 | 0.955
+0.063 | +2.987 | £0.106 | £1.533 | +0.001 | +0.109

4 0 15.935 | 1357.843 | 7.111 | 188.217 | 9.436 1.787 | 0.819
+0.068 | £3.226 | £0.109 | £1.699 | +0.001 | +0.096

4 1 15.672 | 1349.437 | 7.222 | 181.204 | 9.434 1.74 | 0.867
+0.064 | +£2.929 | £0.112 | £1.514 | £0.001 | +0.097

4 2 15.468 | 1348.63 | 7.118 | 182.503 | 9.434 | 1.716 | 0.877
+0.068 | +£3.137 | £0.12 | £1.622 | £0.001 | £0.106

4 3 15.428 | 1346.735 | 6.946 | 182.113 | 9.435 | 1.695 | 0.869
+0.073 | £3.426 | £0.126 | £1.783 | £0.001 | +0.111

4 4 15.553 | 1345.955 | 7.105 | 182.734 | 9.434 | 1.727 | 0.861
+0.068 | £3.169 | £0.121 | £1.637 | £0.001 | £0.108

4 5 15.866 | 1355.977 | 6.927 | 186.629 | 9.435 | 1.549 | 0.839
+0.068 | £3.206 | +£0.123 | £1.676 | £0.001 | +0.102

4 6 16.149 | 1340.359 | 7.051 | 183.324 | 9.435 | 1.606 | 0.829
+0.068 | +£3.102 | £0.12 | £1.623 | £0.001 | £0.097

4 7 16.263 | 1331.099 | 6.925 | 187.879 | 9.433 | 1.449 | 0.833
+£0.065 | £3.033 | £0.125 | £1.585 | £0.001 | £0.095

4 8 15.891 | 1345.281 | 7.116 | 182.271 | 9.435 | 1.733 | 0.857
+0.063 | £2.933 | £0.108 | £1.53 | £0.001 | £0.094

4 9 14.863 | 1343.931 | 6.814 | 191.915 | 9.434 | 1.835 | 0.909
+0.066 | +3.403 | £0.11 | £1.769 | £0.001 | £0.106

4 10 14.933 | 1344.223 | 7.056 | 184.42 | 9.434 | 1.751 | 0.903
+0.058 | £2.874 | £0.11 | £1.494 | £0.001 | +0.1

4 11 14.841 | 1344.502 | 6.861 | 186.011 | 9.435 | 1.695 | 0.914
+0.066 | +3.183 | £0.117 | £1.648 | £0.001 | +0.109

4 12 14.731 | 1331.906 | 6.795 | 183.717 | 9.433 | 1.702 | 0.92
+0.066 | +£3.227 | £0.11 +1.6 | £0.001 | +0.1
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B.9. 3" Ar S1-¢S2 voxel-fit results

’Slice ‘ Voxel‘ S1 ‘ €S2y, ‘ 051 ‘ OS2 ‘ S} ‘ o} ‘Slwr‘
4 13 14.684 | 1326.333 | 6.771 | 186.805 | 9.432 1.587 | 0.91
+0.071 | £3.487 | £0.132 | £1.794 | £0.001 | £0.114
4 14 14.79 | 1330.128 | 6.893 | 186.972 | 9.434 1.697 | 0.913
+0.073 | £3.551 | £0.126 | £1.842 | £0.001 | £0.115
4 15 14.832 | 1322.738 | 6.917 188.1 9.433 1.756 | 0.902
+0.061 | +£3.158 | £0.107 | £1.559 | £0.001 | £0.101
4 16 15.113 | 1316.621 | 5.049 | 185.508 | 9.43 0.0 0.889
+0.155 | £36.563 | £0.045 | £1.466 | £0.0 | £3.976
4 17 15.398 | 1337.182 | 7.055 | 190.534 | 9.433 1.777 | 0.868
+0.067 | +£3.351 | £0.118 | £1.722 | +0.001 | £0.106
4 18 15.603 | 1327.662 | 6.822 | 181.966 | 9.432 1.388 | 0.865
+0.068 | +3.107 | £0.142 | £1.611 | +0.001 | £0.109
4 19 15.608 | 1316.656 | 6.787 | 185.822 | 9.433 1.459 | 0.861
+0.063 | +£2.975 | £0.119 | £1.549 | +0.001 | £0.095
4 20 15.558 | 1318.546 | 6.931 | 190.902 | 9.434 1.627 | 0.857
+0.061 | +£2.993 | £0.108 | £1.561 | +0.001 | £0.091
4 21 15.438 | 1331.84 | 7.105 | 191.236 | 9.435 1.765 | 0.859
+0.064 | +3.093 | £0.106 | £1.616 | £0.001 | £0.095
4 22 15.463 | 1322.371 | 7.03 | 184.487 | 9.432 1.803 | 0.868
£0.064 | £3.158 | £0.113 | £1.612 | £0.001 | £0.103
4 23 15.35 | 1327.894 | 6.79 | 185.359 | 9.433 1.624 | 0.88
£0.06 | £2.915 | £0.108 | £1.509 | £0.001 | £0.093
4 24 14.885 | 1339.197 | 6.73 | 186.458 | 9.434 1.631 | 0.898
+0.063 | £3.076 | £0.111 | £1.598 | £0.001 | £0.1
) 0 17.951 | 1381.923 | 7.519 | 202.545 | 9.434 1.907 | 0.74
£0.079 | £3.995 | £0.136 | £2.068 | £0.001 | £0.118
5 1 16.629 | 1373.284 7.1 191.238 | 9.434 1.719 | 0.819
+0.073 | £3.565 | £0.128 | £1.86 | £0.001 | £0.107
) 2 17.138 | 1371.31 7.35 | 193.576 | 9.434 1.734 | 0.809
+0.081 | £3.863 | £0.141 | £2.019 | £0.001 | £0.115
) 3 17.302 | 1368.591 | 6.967 | 197.107 | 9.434 1.498 | 0.805
+0.087 | £4.259 | £0.156 | £2.253 | £0.001 | £0.116
) 4 16.75 | 1370.829 | 7.32 | 194.466 | 9.434 1.8 0.818
+0.082 | £3.964 | £0.137 | £2.071 | £0.001 | £0.116
) 5 17.645 | 1364.039 | 7.229 | 195.422 | 9.435 1.603 | 0.764
+0.081 | +£3.831 | £0.14 | £2.028 | £0.001 | £0.107
) 6 17.771 | 1365.396 | 7.129 | 197.901 | 9.434 1.648 | 0.74
+0.079 | £3.899 | £0.144 | £2.04 | £0.001 | £0.117
) 7 17.85 | 1361.685 | 7.346 | 198.516 | 9.434 1.757 | 0.755
+0.075 | £3.708 | £0.13 | £1.935 | £0.001 | £0.105
) 8 17.203 | 1361.638 | 7.18 | 194.138 | 9.433 1.812 | 0.801
+0.071 | £3.575 | £0.124 | £1.85 | £0.001 | £0.106

( To be continued)
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B. Appendix

’ Slice ‘ Voxel ‘ S1 ‘ €S2y, ‘ 051 ‘ OS2 ‘ () ‘ o) ‘ Sleor ‘

5 9 15.615 | 1351.924 | 6.882 | 195.057 | 9.433 1.86 | 0.866
+0.073 | £3.77 | £0.126 | £1.981 | £0.001 | +0.124

5 10 16.074 | 1358.041 | 6.873 200.0 9.434 | 1.566 | 0.838
+0.072 | £3.649 | £0.123 | £1.927 | £0.001 | +0.097

5 11 15.603 | 1358.36 | 6.639 | 200.332 | 9.433 1.43 | 0.909
+0.075 | £3.868 | £0.14 | £2.026 | £0.001 | £0.11

5 12 15.861 | 1349.167 | 7.094 | 197.127 | 9.432 | 1.849 | 0.915
+0.074 | £3.87 | £0.126 | £1.99 | £0.001 | +0.112

5 13 15.562 | 1342.583 | 7.337 | 197.002 | 9.432 1.87 ] 0.901
+0.081 | +4.142 | +£0.146 | £2.101 | £0.001 | +0.136

5 14 15.475 | 1346.897 | 6.531 | 196.248 | 9.432 | 1.301 | 0.882
+0.082 | +4.129 | +£0.168 | +2.142 | £0.001 | +0.128

5 15 15.374 | 1343.756 | 6.805 | 198.279 | 9.432 1.496 | 0.886
+0.071 | £3.634 | £0.137 | £1.883 | £0.001 | +0.112

5 16 16.011 | 1361.896 | 7.249 | 201.869 | 9.432 1.763 | 0.857
+0.086 | +4.437 | £0.153 | £2.28 | £0.001 | +0.132

5 17 16.528 | 1359.936 | 7.237 | 200.74 | 9.433 1.885 | 0.817
+0.079 | +4.149 | £0.14 | £2.126 | £0.001 | +0.129

5 18 16.427 | 1349.52 | 7.114 | 206.38 | 9.433 1.718 | 0.822
+0.08 | £4.174 | £0.135 | £2.187 | £0.001 | £0.112

5 19 17.157 | 1346.013 | 7.245 | 199.501 | 9.433 | 1.799 | 0.815
+0.076 | £3.866 | £0.132 | £2.008 | £0.001 | £0.112

5 20 17.326 | 1320.601 | 7.275 | 201.604 | 9.431 1.781 | 0.796
+0.072 | £3.758 | £0.133 | £1.925 | £0.001 | £0.112

5 21 16.67 | 1350.541 | 7.102 | 202.63 | 9.434 | 1.468 | 0.846
+0.078 | £3.822 | £0.145 | £1.998 | £0.001 | £0.11

5 22 16.891 | 1342.17 | 7.265 | 199.695 | 9.433 | 1.789 | 0.833
+0.078 | £3.963 | £0.136 | £2.057 | £0.001 | £0.116

5 23 16.761 | 1344.062 | 7.01 | 203.369 | 9.433 | 1.642 | 0.827
+0.073 | £3.807 | £0.132 | £1.988 | £0.001 | £0.108

D 24 15.566 | 1360.508 | 6.938 | 205.018 | 9.433 | 1.772 | 0.883
+0.073 | £3.936 | £0.123 | £2.048 | £0.001 | £0.109

Table B.2.: Fit results of the 2D skew Gauss fit to the 3" Ar data. The TPC volume
1s divided into 6 slices in z, each of which is divided into 25 equally sized voxels. S1
and ¢S2, are the mean values for the position in S1-¢S2, -space, with og1 /0.2 the
corresponding standard deviation. © s the rotation angle with respect to the S1-¢S2,
-axes and « is the skewness in S1. The fit parameters for the threshold component
are not listed as they are fized for this fit. Additionally the correction factor for S1 is

given by S1.o,.
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(b) z-y distribution of 3" Ar data with wire cut.

Figure B.29.: Fig. B.29a shows the effect of the transverse gate wires on event distri-
bution. Fig. B.29b shows the data after the wire cut is applied.
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ALP axion like particle

AP afterpulse

APD avalanche photo diode

BBF Bayesian Band Fitting

BBN Big-Bang nucleosynthesis

CAD computer aided design

CES combined energy scale

CMB cosmic microwave background
DC dark count

DM dark matter

ER electronic recoil

FF fill-factor

IC intergrated circuit

LCE light collection efficiency

LED light emitting diode

LET linear energy transfer

LNGS Laboratori Nazionali del Gran Sasso
MACHQO Massive Compact Halo Object
MCMC Marcov Chain Monte Carlo
MOND Modified Newtonian dynamics

MPPC Multi-Pixel Photon Counter
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Acronyms

NEST Noble Element Simulation Technique
NIM Nuclear Instrumentation Modul
NR nuclear recoil

PAX Processor for Analyzing XENON
PBH Primordial Black Hole

PCB printed circuit board

PDE photon detection efficiency
PMT photo multiplier tubes

PTFE Polytetrafluoroethylene

QE quantum efficiency

ROI range of interest

SD spin-dependent

S| spin-independent

SiPM silicon photomultiplier

SM standard model

SRO Science Run 0

SR1 Science Run 1

TeVeS tensor-vector-scalar

TPC time projection chamber

TPF Top Pattern Fit

VUV vacuum ultraviolet

WIMP weakly interacting massive particle
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