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On the krypton background in the XENON100 and XENONI1T dark matter
search experiments:

The currently running XENON100 experiment and its successor, XENON1T, use liquid xenon
as target and detection material in the search for weakly interacting massive particles, a well
motivated candidate for dark matter in our universe. As the expected signal rate is less
than a couple of events per year, it is absolutely mandatory to understand and reduce the
possible background contributions. The man-made and almost pure S-emitter 3Kr is a
very dangerous background candidate, as krypton is intrinsically present on the ppb (parts
per billion level = 107%) in commercially available xenon. Both further purification and
the corresponding analytics are therefore equally important for these kind of experiments.
This thesis describes two krypton in xenon measurement procedures and their impact on the
understanding of the krypton background in the XENON experiments. First, a mass spectro-
scopic set-up using gas-chromatographic pre-separation is introduced, and the improvements
in terms of stability and sensitivity down to the ppq (parts per quadrillion = 10~!%) regime
are highlighted. Subsequently several xenon assay results are presented: the evolution of the
krypton concentration in XENON100 over a time period of more than a year is reconstructed
and linked to the observed radon decay rates. Furthermore, several distillation procedures
are examined, showing the high potential of cryogenic distillation for xenon purification.
Thereby, a measurement of ultra pure xenon with an so far unprecedented purity is pre-
sented. Finally, a second analysis method is investigated, applying a delayed coincidence
analysis to the XENON100 dark matter search data. This in-situ method is limited to the
ppt (parts per trillion = 107'2) regime, but achieves very good agreements with the mass
spectroscopic results and confirms its absolute calibration.

Der Krypton Untergrund in den Xenonl00- und XenonlT-Experimenten:

Das sich derzeit in Betrieb befindende XENON100-Experiment und sein Nachfolger, XE&-
NON1T, nutzen fliisssig Xenon-Detektoren fiir den Nachweis von Weakly Interactive Massive
Particles, ein gut motivierter Kandidat fiir Dunkle Materie in unserem Universum. Die
erwartete Signalstérke liegt jedoch nur im Bereich von einigen Ereignissen pro Jahr, wes-
halb es absolut notwendig ist den moéglichen Untergrund des Experiments zu identfizieren
und zu reduzieren. Das Isotop 3°Kr ist ein radioaktiver B-Strahler und deshalb eine der
gefihrlichsten Untergrundquellen, da Krypton im ppb (parts per billion = 10~?) Bereich
in kéduflich erhéltlichem Xenon vorhanden ist. Sowohl die zusédtzliche Reinigung als auch
die dazugehorende Analysemethode sind gleichsam bedeutend fiir den Erfolg der XENON-
Experimente. Diese Arbeit beschreibt zwei verschiedene Krypton-in-Xenon Messverfahren
und ihren Einfluss auf das Verstindnis des ®°Kr-Untergrundes. Zunéchst wird ein Aufbau
bestehend aus einem Massenspektrometer in Kombination mit einem Gaschromatografischen
Trennverfahren présentiert. Dabei werden die Verbesserungen in Bezug auf Signal-Stabilitét
und Sensitivitit bis in den ppq (parts per quadrillion = 10~1%) Bereich hervorgehoben. An-
schliefend werden verschiedene Ergebnisse von Xenon-Proben vorgestellt: Der Verlauf der
Krypton-Konzentration im XENON100-Experiment iiber eine Zeitspanne von iiber einem
Jahr wird rekonstruiert und eine Verbindung zur beobachtenen Radonzerfallsrate wird her-
gestellt. Dartiber hinaus werden mehrere Destillationsvorgédnge untersucht, die das Potential
von cryogener Destillation als Xenonreinigung aufzeigen. Dabei wird auch die Messung ei-
ner Probe mit noch nie zuvor erreichten Sauberkeit vorgestellt. AbschlieBend wird noch ein
zweites Analyseverfahren eingefiihrt, das auf den Daten des XENON100-Experiments basiert.
Diese Methode sucht nach 35Kr-Zerfiillen mit besonderer Signatur und ist auf den ppt (parts
per trillion = 10~'2) Bereich limitiert. Sie erreicht jedoch eine sehr gute Ubereinstimmung
mit den Ergebnissen des Massenspektrometers und bestétigt dessen absolute Kalibration.
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1. Introduction

The question of "What makes up the universe?” is one of the oldest questions in science.
During the long history of physics our understanding of the basic constituents of the universe
changed several times. Up to now the Standard Model of particle physics describes the
fundamental parts of ordinary matter up to an unprecedented precision. It explains the
structure of protons and neutrons as well as the interactions inside an atom. The success of
the Standard Model in subatomic physics is one of the biggest milestones in physics.

But looking at different scales, the above question cannot be answered that easily. There is
very strong astrophysical and cosmological evidence that only a small fraction of our universe
is based on matter which can be described by the Standard Model. Stars, intergalactic plasma
and black holes consist of the building stones of the Standard Model, but only make up 20 %
of the mass observed in the universe. The other 80 % are called dark matter, influencing the
gravitational behavior of huge objects, such as galaxies, galaxy clusters or even the impressive
afterglow of the Big Bang, the Cosmic Microwave Background. It is called dark, because its
true nature is simply not known, but only its property of not emitting light. It remains dark
for the knowledge of physics so far.

Newton’s and Einstein’s laws of gravity could be redesigned completely in order to explain
the mass discrepancies observed on many scales in our universe. But the best motivated
approach for the problem of missing mass in our universe comes from particle physics. If there
is physics beyond the Standard Model, it would most probably provide a particle candidate
which could be dark matter.

There are manifold ideas how to proof this conjunction of cosmology and particle physics.
Complementary to searches for new physics at the LHC, direct dark matter detection ex-
periments aim for the proof of dark matter particles interacting with our ordinary matter
on earth. This Master thesis is carried out in the context of the dark matter direct detec-
tion experiments XENON100 and XENON1T, using liquid xenon as a target for dark matter
particles.

One of the main challenges for these experiments are the predicted very low interaction
rates of such dark matter particles. Therefore background suppression and event selection
are very important for a direct detection of particle-like dark matter. In the case of the
XENON experiments, the man-made radioactive isotope 8°Kr is one of the most dangerous
background sources. It is present in xenon on the trace level, and therefore both purification

and the corresponding possibility of quantifying such trace amounts of krypton in xenon are
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mandatory.

In chapter 2 an introduction into the evidences for dark matter and into the XENON ex-
periments is given, setting the framework of this thesis. Chapter [3] deals with the external
monitoring of the ®Kr background with a rare gas mass spectroscopic set-up (RGMS). It
focuses on the improvement in sensitivity achieved for the upcoming XENON1T experiment.
In chapter [l results of xenon assay with this set-up are discussed. It presents the great impact
krypton measurements can have on the experimental operations, including the detection of
tiny air leaks, background predictions for a science run and improvements on the purifica-
tion procedures. It concludes with the so far purest xenon sample measured in regard of
krypton concentrations. Finally, chapter [5] introduces a different approach of quantifying
krypton amounts: an in-situ method which uses the available XENON100 datasets and con-
firms the mass spectroscopic results. A comparison of the two analytics methods together
with a summary of the great improvements in xenon purity achieved over time due to RGMS

measurements is given in chapter [6]
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experiments

Classical astronomy dealt with the prediction of trajectories of astronomical bodies, mainly
of planets, stars and galaxies. Newton’s and later on Einstein’s theories of gravity had over-
whelming success in making such predictions. But several observations during the 20" century
indicated that these theories only hold if there is way more non-luminous matter in our uni-
verse, so called dark matter. These astrophysical evidences are pointed out in more detail in
section A possible solution to this problem might be Weakly Interactive Massive Parti-
cles (WIMPs) which arise in many theories beyond the Standard Model of particle physics.
Together with possible detection techniques, this is explained in section Afterwards, in
section the XENON project is presented, introducing the two dark matter search experi-
ments XENON100 and XENON1T, the former currently one of the leading experiments in the
field of direct dark matter detection and the latter designed for taking data from 2015 on.
The chapter finishes in section with a focus on one of the most challenging background
sources in the XENON project: the radioactive isotope ®°Kr, which is the main topic of this

work.

2.1. Cosmological evidence for dark matter

It was Fritz Zwicky in 1933 who introduced the idea of a large non-luminous but massive
amount of matter in our universe [I]. He observed the velocity dispersion of galaxies in the
Coma cluster and found, that the galaxies were moving much faster than expected. One
way to explain his observations was the introduction of a huge amount of non-luminous but
gravitating matter. That however implied a mass to light ratio much larger than expected
from the surrounding of our solar system.

The idea of dark matter gained much more attention as possible solution of another problem
at a different scale. Rubin, Thonnard and Ford measured the rotation curves of different
galaxies in 1978, i.e. they measured the velocities of stars at different distances to the galactic

center [2]. From classical dynamics one would expect

GM(r)

Vpot (1) = (2.1)
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As the integrated mass distribution M (r) should be constant for large r outside of the lu-

minous disk of the galaxy, a r—1/2

dependence is expected for the outer stars of a galaxy.
However, the measurement of a variety of galaxy rotation curves v, () showed a non declin-
ing behavior for large r. This can be explained by adding a dark matter halo to the mass
distribution of the galaxy. Figure shows an example of such a rotation curve as measured

nowadays for a variety of different galaxies.
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Figure 2.1.: The rotation curve of NGC 6503. The different contributions of luminous
matter, gaseous matter and dark matter are shown as well. Figure taken from [3].

Another very impressive evidence for dark matter comes from gravitational lensing. In 1911
Einstein proposed that light gets deflected in strong gravitational fields [4]. This implies that
the image of an astronomical source located beyond a very large gravitational potential will
show strong distortions for an earthbound observer. This effect, very similar to deviation of
light through an optical lens, was first observed in 1919 [5] and called gravitational lensing.
If the distance to the gravitational potential is known, the mass of the lens can be inferred
from the observed distortion.

It was again Zwicky who proposed to use gravitational lensing for the determination of
the amount of dark matter in galaxy clusters [6]. One of the most demonstrative examples
of mass discrepancies between the determination by gravitational lensing and the estimation
of the luminous amount of matter is the so called Bullet-Cluster. The mass distributions of
two colliding galaxy clusters were inferred from gravitational lensing. They do not match
the distribution of the hot plasma, observed in the X-ray regime with the Chandra Telescope
[7]. As the plasma is the dominant baryonic component of such colliding galaxy clusters, the
discrepancy shown in Figure can only be explained by dark matter shifting the center of
gravity due to its collisionless character.

Astronomical results confirmed the existence of dark matter on many scales, but the de-
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Figure 2.2.: The Bullet-Cluster 1E0657-558. The colored part represents an image of the
x-ray emission from visible matter, the yellow contours show the total mass distribution
inferred from gravitational lensing [7].

termination of its absolute abundance got only possible with the discovery of the Cosmic
Microwave Background (CMB) by Penzias and Wilson in 1965. At about 400 000 years after
the Big Bang photons decoupled from matter as hydrogen atoms were formed and most part of
the universe got uncharged and therefore transparent. Today these photons are strongly red-
shifted and follow a blackbody spectrum with 7' ~ 2.7 K [8]. Various experiments measured
the temperature anisotropies of the CMB. Up to now, the Planck measurement, published in
2013, is the most current and accurate one [9]. The CMB map is shown in Figure (left).

Of big interest is the expansion of the CMB map into spherical harmonics, the so called
power spectrum, which is as well shown in Figure (right). Important cosmological param-
eters such as the relic abundance of dark matter in our universe, Qpys, can be inferred from
the height and position of the first acoustic peaks in the power spectrum. Within the current
and most favored Lambda Cold Dark Matter (ACDM) model a fit to the Planck result yields
Qpas ~ 26 % [10].

Directly linked to the structure of the CMB and the amount of dark matter present in our
universe, is the question of structure formation. The large-scale structure of our universe is
indeed coupled to the density fluctuations of the CMB as it can be demonstrated by computer
simulations. It is one of the most impressive evidences for cold dark matter, that only its
presence can reproduce the nowadays observed large-scale structure within these simulations
[11].

Cosmology indicates that there is more massive but non-luminous matter. We can even
estimate the absolute relic abundance of dark matter in our universe, but there is one keystone
missing. What is dark matter? One astrophysical solution for dark matter halos of galaxies
would be Massive Compact Halo Objects (MACHOs), which could be giant gas planets or

small black holes. But in recent studies they are not abundant enough to explain dark matter
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Figure 2.3.: (Left) CMB map published by the Planck collaboration [9] and (right) the
expansion into spherical harmonics of the CMB map of the Planck experiment and the fitted
6-parametric ACDM model [10].

halos of galaxies [I2]. Another solution are the so called Modified Newtonian Dynamics
(MOND), which abandon our known laws of gravity and modify them in order to explain the
observed mass discrepancies [13]. But it is not so easy to implement the dark matter problem
on all known scales with a modification of the laws of gravity only. Particle physics might
have a simpler solution to the question of the origin of dark matter. This will be described

in the next section.

2.2. Particle dark matter and direct detection

A particle, neither interacting electromagnetically nor strongly, but with the property of
being massive, could easily explain dark matter. It would, for example, show the collisionless
character needed for the observation of the Bullet-Cluster phenomena. In the Standard
Model of particle physics, one such particle is well known: the neutrino. But there are a
few problems with neutrinos as dark matter candidates: due to their low mass neutrinos are
highly relativistic particles. As such hot dark matter particles they would erase local density
anisotropies and therefore prevent the formation of small scale structures in our universe [14].
There exist already many theories beyond the Standard Model in order to face remaining
problems such as neutrino mass or matter-antimatter asymmetry. In many of them new
particles arise with the properties of being massive, only weakly interacting and stable. This
class of particles is generally referred to as Weakly Interactive Massive Particles (WIMPs).
Furthermore, such WIMPs naturally are produced at the right abundance to match the
observed density of dark matter in our universe today. The hot dense plasma after the Big
Bang provides a system in thermal equilibrium, following a Boltzmann energy distribution.
WIMP production and annihilation reactions from and into Standard Model particles occur
likewise. As the universe is cooling down, not enough energy remains for WIMP production

and the annihilation process begins to dominate. Once the particle density drops below a
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critical value due to the increasing expansion rate of the universe, it becomes unlikely for two
dark matter particles to meet and to annihilate. Therefore the WIMPs "freeze-out” from the
thermal medium. The relic density of WIMPs can then be calculated according to [15] with
the simple equation

Oh2 ~ 3-107%cm3s™! ‘ (2.2)

<Ucmn 'U>

As it is obvious, higher cross-sections for the annihilation o, lead to a lower relic den-
sity, which is illustrated in Figure 2.4l It is very compelling, that by plugging in typical
cross-sections for weak interactions, the calculated relic density from CMB fluctuations is
reproduced. An input coming from particle physics creates the desired matching with cos-
mology, which is called the WIMP miracle.
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Figure 2.4.: Evolution of the dark matter number density in the early universe as function
of m/T, which is proportional to the time after the Big Bang. A higher annihilation cross-
section leads to a smaller relic abundance [I5].

Particle physics therefore offers a solution to a cosmological problem with the possibility
of being tested experimentally. Particles interacting on typical weak cross-sections could be
directly detected through their elastic scattering off atomic nuclei and the measurement of
their recoil energy. This can be understood by looking at equation from [16]. It describes
the expected differential event rate % of such interactions with an earthbound target. The
rate depends on several astrophysical and particle physics input parameters and is usually

expressed in units of events/keV /kg/day generally referred to as differential rate unit (DRU)

dR Px Vese dUWN
_—= Er)dv. 2.3
By = | o) S . Ery av (2.3)

min

Necessary astrophysical parameters are the dark matter density p,, the velocity distribution

f (v) in the galactic region close to our solar system and the galactic escape velocity vesc
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for dark matter particles. Standard assumptions are made in order to compare the results
of different direct dark matter detection experiments: a maxwellian velocity distribution
is assumed and p, is set to ~ 0.3 GeV/cm? as supported by recent results [I7]. vese =
(544 £ 50) km/s is known from measurements [I8]. However, p, and f (v) are strongly model
dependent, for example the velocity distribution is not assumed to be isotropic but tri-axial

and anisotropic in more complex models [19].

There is also some particle physics input on the expected event rate. First the lower

bound of the integration is the minimal velocity vy, = \/(myERr) / (212) with p the reduced
mass of the WIMP nucleon system. v, is needed for a recoil of energy Eg in the case of

maximum energy transfer by 180° backscattering. The differential cross-section of the WIMP
scattering dgTWéV is split up into a spin-dependent %‘TTS}? (axial-vector coupling) and a spin-

independent ‘é%gé part (scalar and vector couplings). Focusing on the spin-independent part,

this is parametrized into a form factor F' (ER) accounting for the single nucleons making up

SI

vp (assuming proton and

the nucleus and the cross-section of the WIMP proton coupling o
neutron coupling approximately to be equal).

Together with equation ([2.3)) the expected event rate is computed by equation (2.4)), showing

the dependence of the expected recoil spectrum

2 Vese
(Eé; - QZ%ixFQ (Eg) oS! /mn fiv)dv . (2.4)
The overall shape of the spectrum will be exponentially decreasing with increasing recoil
energies. This decrease originates from the loss of coherence and thus a decreasing nuclear
form factor F' (FEr) and the decreasing velocity integral, as for higher recoil energies less dark
matter particles have the sufficient velocities. Moreover, the total event rate scales with
the squared atomic mass number A2, but in contrast the form factor decreases faster for
nuclei with higher mass. These effects result in different spectra for different possible target

materials, as shown in Figure 2.5

Having understood the expected signal of WIMPs scattering off nuclei, a few conclusions
for direct detection experiments can be drawn immediately: the exponentially falling event
rate requires detectors with a low energy threshold to exploit as much as possible of the
expected recoil spectrum. Very challenging is the expected low total event rate, even more if
it is considered that recoil energies in the order of a few keV already occur naturally in most

materials.

Most dominant background sources are either nuclear recoils of neutrons or electronic recoils
of v and f particles. The former background type originates from free neutrons, produced
in fission- or («,n)-reactions induced by natural radioactivity processes or by cosmic ray
activation. This can be suppressed by going deep underground in order to reduce the cosmic

ray muon flux inducing such fission reactions to a negligible level. The latter background type
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Figure 2.5.: Expected event rates of WIMP scattering for different target materials. m, =
100 GeV and afé = 10~%* cm? are assumed. The total event rate is higher for heavier
elements due to the scaling with A2, but as seen for xenon, the nuclear form factor induces
a quick decrease in event rate for increasing recoil energies. Figure taken from [20].

is produced in radioactive decays of naturally abundant radioactive isotopes. Mostly these
radioactive decays come from the subsequent decay chains of the very long-lived primordial
isotopes 238U, 23U, 232Th and %°K or from man-made radioactive isotopes like 37Cs, 9°Co
or very important in the context of this work 8°Kr. A strong reduction of this natural
radioactivity background is one of the main challenges of experiments aiming for the direct
detection of dark matter. It is usually faced with several approaches: reduction of initial
contaminations, efficient shielding techniques, further cleaning processes and discrimination

between different event types.

Different experimental techniques are accessible in order to detect the energy deposited in
the target material. The recoil energy after a WIMP or a naturally occurring interaction is
manifested in three excitation channels: ionization, scintillation and heat. These excitation
channels can be read out by different detection techniques. Moreover, a combination of the
readout of several channels at the same time opens the possibility of background discrimi-
nation: the ratio of the different excitation modes depends on the dE/dx and thus on the

particle type.

Under several different approaches one of the most popular techniques is the use of liquid
noble gas detectors. They are operated at cryogenic temperatures in order to achieve a
low energy threshold by avoiding thermal noise effects and offer the possibility of reading
out ionization and scintillation signals, benefiting from additional background discrimination.
Stable operating conditions can be achieved as the technique is rather well known. Together
with the advantage of easily scaling up the target masses, these kind of direct dark matter

detection experiments are the most successful of recent years. A nice overview is given in [21].
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2.3. The XENON experiments and their challenges

The XENON project uses liquid zenon (LXe) as target and detection material with the design
of time projection chambers (TPCs) in a phased approach. The XENON10 detector was a
first prototype of a LXe dark matter experiment operated between 2006-2007 by the XENON
collaboration [22]. Installed at the Gran Sasso Underground Laboratory (LNGS), Italy, it
benefited from 3 600 meter water equivalent (m.w.e.) rock shielding against background from
cosmic radiation. At the same site the XENON100 detector [23] was set up and commissioned
in 2009. It showed the scalability of the LXe dual-phase TPC principle to higher masses
(from 10kg to 100kg LXe target) and was operated at improved background conditions of
a factor of ~100. This led to first results of a 100 live-days run in 2011 [24] and another
225 live-days run result [25], which set the most stringent limits for high WIMP masses in
direct dark matter searches over a long period of time. At the time of writing, the experiment
is still taking data and offers the possibility to test more sophisticated dark matter models
due to the excellent understanding of the detector response. The Large Underground Xenon
(LUX) experiment confirmed and improved these results with the same detection principle
but higher target mass and lower background [26]. The next step for the XENON project is the
development of the first ton-scale LXe experiment, XENON1T. It will use in total more than 3
tons of LXe and benefit from improved background conditions by another factor of ~ 100. Its
design goal is to test WIMP nucleon scattering cross-sections of g7 = 2-107%7 cm? for WIMP
masses of M, = 50 GeV, showing the feasibility of ton-scale liquid noble gas experiments. The
infrastructure of XENON1T is built in such a way that the TPC can be easily upgraded. This
will then facilitate XENONNT by scaling the TPC towards ~ 6 tons of LXe.

2.3.1. The XENON detection principle: a dual-phase LXe TPC

The underlying dark matter detector principle of the XENON project is a dual-phase LXe
TPC. The LXe is contained in a stainless steel vessel with an inner cylindrical chamber. A
liquid-gas interface can be maintained below the top of this chamber by pressurizing it with
a constant xenon gas stream like in a diving-bell [23].

LXe is a good radiation detection material due to its scintillation and ionization response
to incident charged particles, neutrons or « rays with the additional advantage of different
sharing of these excitation channels for different types of interactions [27]. The readout of
these two excitation channels can be done with a TPC as shown schematically in Figure [2.6
the prompt scintillation light, called S1, is observed by two arrays of photomultiplier tubes
(PMTs), one installed at the bottom of the TPC immersed in the LXe and one at the top
surrounded by gaseous zenon (GXe). A high fraction of the S1 signal is detected by the
bottom array due to the high internal reflection of the scintillation light at the liquid-gas

interface.

10
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The electrons created by ionization of the LXe due to an incident particle are collected by
applied electrical fields. A homogeneous drift field between the cathode grid at the bottom
of the TPC and the grounded gate grid below the liquid-gas interface of ~530 V/cm drifts
the electrons upwards. At the liquid-gas interface they are extracted and accelerated by a
stronger extraction field ~ 10 kV /cm created between the grounded gate grid and the anode
grid placed slightly above the liquid-gas interface. Proportional scintillation is produced in
the GXe [28], generally referred to as S2. This scintillation light is detected by the same PMT
arrays giving the possibility of reconstructing the position of the interaction vertex: the time
difference between the prompt scintillation light S1 and the secondary scintillation light S2
can be translated by the constant drift velocity of electrons in the homogeneous drift field
into the z-position of the interaction vertex inside the TPC. The (x,y)-position is inferred
from the hit pattern of the S2 signal at the top PMT array. It is located very close to the
origin of the secondary scintillation light and shows therefore distinct patterns for different

event locations. Resolution in the mm regime is achieved for all three spatial coordinates [23].
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Figure 2.6.: Detection principle of the XENON100 detector: Excitation of the LXe by
incident particles results in prompt scintillation (S1) and ionization electrons. The application
of a homogeneous drift field transports the charge towards the liquid-gas interface where they
are extracted and accelerated by a higher extraction field producing secondary scintillation
(S2) proportional to the amount of primary ionization electrons. Figure from [23].

This 3D position reconstruction allows to fiducialize the target, exploiting the very good
self shielding of the LXe for background reduction. Background events induced by natural
radioactivity and mainly produced at the edges of the TPC cannot penetrate into the fiducial
volume and are rejected. Together with the further ability of reducing v ray induced electronic
recoil background events from nuclear recoil WIMP events due to the different ratio % for

the different interaction types, the XENON detectors achieve very low background conditions.
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2. Dark matter and the XENON direct detection experiments

2.3.2. XENON100

The XENON100 TPC is cylindrical with 30.5 cm hight and 15.3 cm radius designed to contain
62 kg of LXe [23]. The walls enclosing the TPC are made of polytetrafluorethylen (PTFE),
which is a good electrical insulator and reflector for the scintillation light of LXe with a
wavelength of 175 nm.

80 PMTs (Hamamatsu R8520-06-A1) are mounted in a densely packed bottom array to
achieve a high light collection and thus a low energy threshold, as most of the S1 light will
be seen by the bottom array. The 98 PMTs of the top array are ordered in concentric circles
to achieve best results in the position reconstruction algorithms. The two PMT arrays are
shown in Figure 2.7

Figure 2.7.: Pictures of the XENON100 PMT arrays, observing the TPC. The left picture
shows the top PMT array, where the Hamamatsu R8520-06-A1 PMTs are arranged in concen-
tric circles for high resolution in position reconstruction. The right picture shows the bottom
PMT array, which provides optimal area coverage of 52% resulting in high light collection
and low detector energy threshold [23].

As described above, three field grids are mounted into the TPC: A cathode grid at the
bottom, a grounded gate grid and an anode grid at the top. Together with field shaping
electrodes fixed to the PTFE structure this set-up provides the electrical conditions of a
homogeneous drift field in the liquid phase and a strong extraction field above the gate grid.
The PMT arrays are shielded against the high voltages of the cathode and the anode by
another set of grounded meshes, 5 mm above the bottom array and 15 mm below the top
array.

With a constant stream of GXe into the gas phase at the top of the TPC, the diving bell
is pressurized and the liquid-gas interface can be kept at the same level directly above the
grounded gate grid and just a few mm below the anode grid. Furthermore the diving bell
design allows a 47 coverage of the TPC by LXe for additional self-shielding and an active
outer LXe veto, observed by 64 PMTs mounted to the outer walls of the TPC.

The total amount of 161 kg xenon has to be cooled to the LXe temperature of —91°C.
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2.3. The XENON experiments and their challenges

A cryogenic system with very good stability is connected to the detector: a Pulse Tube
Refrigerator (PTR) is operated with a helium compressor in order to achieve a high cooling
power at LXe temperature. The PTR cold head is connected with a copper-made cold finger
to the LXe system as shown in Figure[2.§l Electric heaters are mounted between cold head and
cold finger and together with two PT100 temperature sensors the heating power is regulated

to keep the cold finger stable at the LXe temperature.
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Figure 2.8.: (Left) A schematic drawing of the XENON100 cooling system. Gasous xenon
is liquefied at a PTR cold head and circulated back to the LXe outside of the TPC. (Right)
A drawing of the passive shield set-up of the XENON100 detector with the different layers of
copper, polyethylene, lead and water containers [23].

In order to avoid heat losses the LXe is contained in a stainless steel vacuum cryostat. The
cryostat and all inner detector materials of the TPC have high requirements on radiopurity. In
this way, radioactive contaminations very close to the sensitive detector volume are avoided,
which reduces significantly the background of the experiment [29]. Materials with inevitable
contaminations such as the cryogenic system are installed outside a passive shield. The set-
up of the passive shield is shown in Figure 2.8 Materials with a high proton number, such
as lead, are used to shield against natural radioactivity + rays. Water or polyethylene are
used to moderate and capture neutrons. Therefore, the inner cavity containing the cryostat
is surrounded by 5 cm of ozygen-free high thermal conductivity (OFHC) copper which is
followed by 20 cm of polyethylene and 20 cm of lead, with the innermost 5 cm layer made out
of low radioactivity lead. Additional outside water tanks and polyethylene layers complete the
passive shield. The inner cavity is purged with high-purity nitrogen to avoid the diffusion of
the possible background source radon, a noble gas occurring in the primordial decay chains and
emanating constantly from the rock in the underground laboratory. Additionally backgrounds
induced by the cosmic ray muon flux are reduced by 6 orders of magnitude compared to an
above ground experiment [30], due to the 3600 m.w.e. of rock overburden at the LNGS.

However there are still some impurities contaminating the LXe, due to its non-ideal produc-
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2. Dark matter and the XENON direct detection experiments

tion process. Electronegative gases and traces of water reduce significantly the transmission
of light and charge inside the LXe and therefore lower the signal yield and thus increase
the detector threshold. They can however be removed by circulating the xenon permanently
through a dedicated gas system with a hot getter outside of the shielding. The gas system
as well includes ports for sample taking, detector filling and xenon recuperation. Moreover it
provides access to a cryogenic distillation column designed for the removal of krypton and its
radioactive isotope 8°Kr. This S-emitter with its long half-life of T} s2 = 10.76 years is a se-
rious background source, because krypton as a noble gas cannot be removed chemically from
the target xenon. This type of potential background in the xenon experiment is discussed in

more detail in section [2.4]
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Figure 2.9.: (Left) The event distribution in the log;, %—parameter space after application
of all analysis cuts, volume fiducialization and electronic recoil band mean subtraction. The
black dots indicate the observed events, the histogram in red/gray shows the position of
nuclear recoil events from a neutron calibration. With 99.75 % rejection power, events above
the green dashed vertical line are identified as electronic recoils. (Right) The distribution of
the events inside the TPC. Grey events are rejected by the discrimination parameter space
cut [25].

In 2012 the XENON-Collaboration reported the results of a 225 live-days run with the above
described detector system. During this run all subsystems were in stable operations for ~20
months [25]. With the very low background rate of 5.3 mDRU in the dark matter energy
region and a fiducial volume of 34 kg, the experiment demonstrated the lowest background of
any dark matter search experiment at that time. Together with the background reduction via
S2/S1-discrimination between electronic and nuclear recoils, shown in Figure XENON100
was able to set the world-best limits in terms of spin-independent WIMP nucleus scattering
for high WIMP masses in 2012 [25]. In a benchmark analysis two events were found in the
signal region expecting (1.0 + 0.2) background events. The result of that WIMP search period
is shown in Figure [2.10 using a more sophisticated profile likelihood analysis method [31]. The
detector is as well able to test spin-dependent cross-sections due to the non-zero spin isotopes
129X e and 13'Xe, which have high isotopic abundances in the xenon used for the XENON100

experiment. Limits of the 225 life-days run derived for spin-dependent cross-sections can be
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2.3. The XENON experiments and their challenges

found in [32]. Further dark matter models, such as axions, are investigated with the same
instrument. Axions arise as possible solution to the strong CP problem of the standard
model of particle physics [33] and could be cold dark matter [34]. They would interact with
the electronic shell of the xenon atoms in the XENON100 experiment. First results of an
axion search with XENON100 were published in [35]. Another possibility is the study of a
long term evolution of the electronic recoil rate, searching for an annually modulated signal.
Such modulations could be expected due to the movement of the earth around the sun and the
thereby induced change in relative velocity of an earthbound detector and the galactic dark
matter halo. Rate modulations are already observed and reported by the DAMA experiment
[36] or by the CoGeNT collaboration [37] [38]. Such investigations need stable operating
conditions over a long time period as achieved by the XENON100 experiment. An analysis
searching for a modulated signal is ongoing by using the 225 live-days dataset and will be
published soon [39].

i
— 104 & G 501
NE u CoGeNT (2012) DAMA/I
S CDMS-Si (2013)
10
£ XENON10 (2013)
9 o=
3 = s CRESST-II (2012)
P e e T G iner CDMS (2 1SS (201112
2 10% - SuperCDMS (2014) . EDELWEL -
AS+EDEL: J_Zm
5 ~——— CDM>IT
= 104 -
S = N 1] P B g
g e
< -
2 104 . — = T X 01D
7 2017}
XpoSULe (O
% 10 ONIT: 27 “‘2-“Eﬂ'i& - 1)
= -— XENO L o = exposure Qo) ..
= onne-year SR pms
o7 ERONAT 2D ===
- m——
T e i =
10—4R Il 11 ‘ Il Il Il Il | B | Il Il Il Il Il 11
6 78910 20 30 40 50 60 100 200 300 400 1000

WIMP Mass [GeV/c?]

Figure 2.10.: WIMP-nucleon scattering cross-section with the WIMP mass as free param-
eter. The resulting limit of the XENON100 225 live-days run with 90% C.L. is shown in light
blue. Other limits of different experiments are included for comparison, especially the recent
results of LUX (2013) and Super-CDMS (2014) [25] [26] [40]. Additionally shown are the
expected sensitivities of the XENON1T experiment and its upgrade, XENoNnT [41].

2.3.3. XENONI1T

In order to improve the sensitivity significantly using this successful technique, a larger de-
tector, XENON1T has been designed and is since summer 2013 under construction. It will be
located as well at LNGS, and scale up XENON100 to ~ 3 tons of LXe. An active target mass
of ~ 1 ton and a reduction of the background by another factor of ~ 100 are envisaged. After
two years of stable operation the scientific goal of og; ~ 2-107%7 ¢cm? could be reached as
shown in Figure [2.10]

Similar to XENON100, XENON1T will be designed as dual-phase TPC with 1 m diameter
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2. Dark matter and the XENON direct detection experiments

and 1 m height. The TPC will be observed by 248 PMTs (Hamamatsu R-11410), 127 in
the top array and 121 in the bottom array as can be seen in the artists view in Figure 2.17]
(right). Again the set-up of the PMT arrays will be such, that the top array provides optimal

position reconstruction and the bottom array provides maximum light yield.

Figure 2.11.: (Left) Artists view of the XenonlT dark matter experiment. On the left side
the water tank operated as Cherenkov muon veto and containing the cryostat including the
TPC is shown. On the right side there is the service building containing gas purification
systems and DAQ. (Right) Design of the cryostat including the TPC.

The active volume is planned to be ~ 1 ton of LXe, which requires improvements in terms of
LXe purity and gas handling. Electron drift of ~ 1 m has to be achieved and stable operation
at LXe temperature has to be guaranteed. This will be provided by doubled and improved
cooling and purification systems.

The other outstanding challenge for a ton-scale experiment is the further background re-
duction by a factor of ~ 100 compared to XENON100. Additional to the LXe self-shielding,
external radiation from natural radioactivity of the detector surrounding as well as the neutron
background will be suppressed by the use of a 9.6 diameter water tank. It will additionally
be operated as active Cherenkov light muon veto observed by 90 PMTs, effectively reducing
the background of all muon induced reactions [42]. Intensive material screening as done for
XENON100 is absolutely mandatory to avoid materials with high radioactive contaminations
close to the active target volume. The focus of the screening campaign was intensified in terms
of the radon emanation of materials in contact with the xenon. This yields a reduction in
the 222Rn background emanating from detector materials, dissolving in the LXe and decaying
after a half-life of 3.8 days inside the active volume.

The other remaining intrinsic background, the contamination of the LXe by krypton and
its radioactive, long-lived isotope ®°Kr will be discussed in more detail in the next section.
Like its predecessor experiment, XENON1T will use a cryogenic distillation system for krypton

removal, this time designed for higher flow rates and a higher reduction factor. All together
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the goal of a factor ~ 100 in background reduction should be feasible for the XENONIT
experiment. It is scheduled to start data taking in 2015. Furthermore it opens the possibility
for the planned upgrade of the TPC towards XENONnT by using the existing infrastructure.

2.4. The krypton background in XENON

The noble gas krypton and its radioactive isotope ®Kr is one of the most dangerous back-
ground sources in the XENON direct dark matter detection experiments. Krypton naturally
occurs in air with the volume concentration of 1.140 parts per million (ppm). Xenon and
krypton are produced as a byproduct in the fractional distillation of air in order to separate
nitrogen and oxygen. Further distillation cycles at the producer allow the extraction of xenon.
But, it still contains krypton at the ppm or parts per billion (ppb) level, if ultra pure xenon
is demanded, because of the impossibility of chemically cleaning the xenon from krypton due
to the inert properties of these two noble gases.

The two main krypton isotopes are 34Kr and 86Kr with the relative abundances of 57 % and
17.5 %, respectively. The almost pure (S-emitter 3°Kr, with its long half-life of ¢, 2 = 10.76
years, does not occur naturally: its origin is man-made as 8°Kr is produced by nuclear fission
and released to the air by atomic bomb tests and nuclear fuel reprocessing. This can be seen
in Figure the activity of 8°Kr is plotted over several years as inferred from measurements
done at Mount Schauinsland in southern Germany. A constant background activity level of
1.5 Bq/m? since 2003 is reported in [43]. The spikes increasing the 8°Kr activity up to a factor
of three can be correlated to nuclear fuel reprocessing cycles in the two facilities maintained
in Europe: La Hague, France, and Sellafield, Great Britain [43].
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Figure 2.12.: The ®Kr activity monitored at the sampling site Mount Schauinsland, Ger-
many. After a linear increase over more than two decades the activity stays at a background
level of 1.5 Bq/m?®. The spikes can be correlated to nuclear reprocessing cycles at the repro-
cessing plants in France and Great Britain [43].
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This however leads to the hypothesis that the variations in between 1.5 Bq/m? and roughly
4 Bq/m3 observed at the Mount Schauninsland do not correspond fully to the variations at
LNGS, Italy. Atmospheric circulation which is dominated by western airstreams and the
natural frontier of the Alps should flatten the variations for the experimental site of the
XENON project with more than 1300 km distance to La Hague. Unfortunately there are no
detailed measurements of the 8°Kr activity in Italy available, thus the mentioned flattening
stays only a hypothesis. An estimate of the average value of 1.5 Bq/m?® activity at LNGS
is however supported by a measurement of (1.3 4 0.2) Bq/m? taken from [44]. In [45] this
measurement is related to the ratio of 89Kr /" Kr ~ 2.0 - 10~'! mol/mol at LNGS, which is
confirmed by others for different experimental sites [46].

In Figure the decay scheme of 8°Kr is shown. With a branching ratio of 99.6 % it decays
with a common S-decay to 3°Rb by emitting an electron and an anti-neutrino. The endpoint
energy of the S-spectrum corresponds to the Q-value of these two nuclear states of 687 keV.
Given the discrimination power between electronic and nuclear recoils of ~99.5 % in the
XENON project [47], 0.5 % of the 85Kr decays remain indistinguishable from possible WIMP
reactions. Performing a simple benchmark analysis with a WIMP search region of roughly
10 keV an approximated fraction of ~1/70 of °Kr events fall into the WIMP acceptance
window. Admitting only 0.1 event/year originating from the ®Kr background, considering
its long half-life of T3, = 10.76 years, the above numbers of the WIMP acceptance window
and the electronic recoil rejection translate into 22 000 ®°Kr atoms inside the fiducial volume.
Using the ratio of ®Kr/"Kr ~ 2.0 - 107! mol/mol the required purity of the xenon in the
fiducial volume of XENON100 (48 kg fiducial volume) yields a krypton concentration of ~ 10
parts per trillion (ppt) and for XENON1T (1 ton fiducial volume) of < 1 ppt.

85Kr

T1/2=10.76 y

B with Eend=173.4 keV
BR = 0.043%

85 mRb T1/2=1.01 ps

B with Eend=687 keV
BR =99.57 %

v with E;=514 keV
BR =100%

8 5 R b stable

Figure 2.13.: Decay scheme of ®°Kr, showing the two decay branches. The main branch
with its S-decay of 687 keV endpoint energy is a serious background source in dark matter
experiments. The secondary branch with its delayed coincidence can be used in dedicated
analysis methods. Numbers from [48].

These small numbers and concentrations impose several challenges for the XENON project:

how can these requirements of xenon purity be achieved and equally important, how can they
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be monitored for either predicting a background originating from 8°Kr decays or confirming
achievements done in xenon purity?

The method employed by the XENON project for reaching the purity goals of XENON100
and XENONI1T is cryogenic distillation. A schematic view of the distillation column used
by the XENON100 experiment is shown in Figure [2.14] The column, designed using the
McCabe-Thiele scheme [49], is very similar to [50] and purchased from TAIYO NIPPON
SANSO. The commercially available xenon passes a pre-cooler with a PTR cold head and is
then fed into the distillation column filled with a package material selected for the expected
flow rates and the desired separation factor. A condenser at the top of the column is kept at
LXe temperature and liquefies the gas produced in the reboiler at the bottom of the column.
After the gas-liquid equilibrium is reached inside the column, the krypton enriched offgas is
collected at the top and the krypton depleted LXe is collected at the reboiler, after being
fed through a heat exchanger in order to conserve cooling power. Under the assumptions
of the McCabe-Thiele scheme the XENON100 distillation column should provide a reduction
factor of ~ 1000 in one single pass at a purification speed of 1.8 standard liters per minute
(SLPM). For the XENON1IT experiment another column is currently under commissioning,

able to process xenon at a nominal flux of at least 8 SLPM.
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Figure 2.14.: Schematic view of the XENON100 distillation column. Xenon is fed to the
column via an heat exchanger and a pre-cooler. Krypton enriched offgas is extracted at the
top of the column and krypton depleted xenon is captured in the reboiler [23].

The purification of xenon at such low concentrations has to be confirmed and evaluated by
dedicated analytics methods of krypton in xenon concentrations in the low ppt regime. This
Master thesis is completely carried out in the context of monitoring krypton in xenon. In
order to face this problem the XENON collaboration follows several approaches. Very sensitive

methods developed to quantify krypton concentrations in xenon are performed off-line, i.e.
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xenon samples are drawn from the detector and analyzed by dedicated set-ups. Usually
they exploit the fact that the ratio of ®Kr/'Kr ~ 2.0 - 107! mol/mol is well known in
order to gain a factor of 2 - 10 in statistics by measuring the "Kr concentration. The
XENON collaboration employs two different off-line methods. An optical atom trap system is
maintained by the Columbia University in New York [51] and a dedicated set-up described in
chapter [3| is located at the Max-Planck-Institute for Nuclear Physics (MPIK) in Heidelberg
and is used for detailed measurements reported in chapter [l On the other hand, in-situ
methods using the XENON100 detector, try to tag 8°Kr events in the observed dark matter
datasets. This can be done by comparing the spectral shape of the 3Kr decay with Monte
Carlo simulations and reproducing the expected spectrum. This is however limited to the
case were the low energy background regime up to 687 keV is krypton dominated. Another
possibility is tagging events of the secondary decay branch of Figure by the unique 5-y

delayed coincidence signature. This is in detail exploited in chapter [5| of this work.
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The potential background source 8°Kr in the XENON experiments does not occur naturally.
Its abundance among natural krypton due to man-made production is on the trace level of
2-1071! mol/mol, see section But as this ratio is rather well determined, a measurement
of the #Kr abundance can be carried out by focusing on the stable krypton isotopes 34Kr
and 8Kr. Known experimental techniques, which do not rely on the detection of radioactive
decays, for example mass spectrometry or single atom counting in an optical atom trap system,
can be used. Such methods require careful sampling and the measurement of the krypton
concentration is then performed off-site in a dedicated set-up. Therefore it is called off-line
technique.

In this chapter a mass spectroscopic set-up at the MPIK in Heidelberg is presented, which
is tuned on the detection of krypton concentrations in xenon down to the parts per quadrillion
(ppq) level. This reduction in sensitivity was achieved during this work and already reported
in [52] by building up on the already existing set-up developed in [45]. The chapter begins
with a general description of the set-up in section and then focuses on new developments

in terms of sensitivity, stability and comprehension gained during this work in section

3.1. The RGMS setup

The rare gas mass spectrometer (RGMS) describes an experimental set-up consisting of several
sub-systems. The analyzing instrument is a customized Vacuum Generators model VG 3600
sector field mass spectrometer which is described in section Such devices however
depend on an wultra high vacuum (UHV) with a residual pressure smaller than 10~¢ mbar,
as otherwise the ion mean free path gets to short for defined ion deflections in the applied
magnetic field. Facing the problem of measuring trace contaminations of krypton in xenon
in the ppt or ppq regime and assuming the sensitivity of the RGMS to krypton amounts to
be in the order of 10713-1071* cemSTP (cm? at standard conditions), see [45] or section
xenon batches of up to 1 ccemSTP have to be introduced to the mass spectrometer. This
however would definitely impair the necessary vacuum conditions. Thus, a pre-separation
of the krypton from the bulk xenon is done by cryogenic gas-chromatography, with a set-
up described in section and newly developed in [45]. Samples are mounted to the
destined ports of the gas-chromatographic system and can be split up in order to process

several batches of the same sample. Additionally the setup contains many accessible ports for
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calibration purposes, getter modules, sample preparation and pumping sections. In section
[3:1:3 the standard measurement procedure is described and the impact of the different sub-

systems is explained.

3.1.1. The VG 3600 mass spectrometer

The VG 3600 mass spectrometer was used intensively during the past two decades for the
determination of noble gas abundances in earth and planetary sciences [53] as well as for trace
analytics in astrophysics experiments [54]. It is designed to be most sensitive to chemically
inert substances, due to the presence of getter modules directly in the vacuum system of the
spectrometer. This provides a very clean environment for example for the measurement of
noble gases.

A detailed scheme together with a photograph of the spectrometer is shown in Figure [3.1]
The batch analyzed by the spectrometer is frozen to a cold finger, afterwards reheated and
than introduced to the spectrometer by the opening of the interconnecting valve. The gas is
distributed in the complete spectrometer volume, but ionization only takes place inside the
ion source, close to the inlet valve. A moderate voltage accelerates electrons emitted by a
hot filament. The gas is ionized by this electron beam and a high voltage accelerates the ions
out of the source, focused by two additional focal plates, with only a fraction of the total
high voltage applied. The ions than get deflected in an approximately homogeneous magnetic
dipole-field.
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Figure 3.1.: (Left) Schematic drawing of the VG 3600 mass spectrometer, showing the
mechanism of ionization in the source, the deflection of the ion trajectories and the two de-
tection possibilities. Figure from [45]. (Right) Photograph of the VG 3600 mass spectrometer,
set-up at MPIK.

The mass separation of the spectrometer is achieved by varying the magnetic field, using an
empirically assumed fourth order polynomial dependence of field strength f and mass m of
the ions reaching the detectors at the end of the flight tube: f(m) = d+e-m'2+b-m+a-m3/2.
The necessary determination of the polynomial coefficients is done by inserting a calibration
gas containing a noble gas mixture of argon, krypton and xenon and identifying the peaks

corresponding to the occurring isotopes.
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This calibration mixture is furthermore used for an absolute calibration of the response
of the mass spectrometer to a quantified amount of gas. For this purpose the mixture can
be extracted into a small pipette volume contained by two fully metal sealed valves at a
dedicated port connected to the RGMS set-up. The composition of this standard calibration
pipette (STD) was redetermined in [45] for krypton and is known for argon and xenon from
[55].

STD admixture amount
argon 40-107? cm?
krypton (39 £6) 10712 cm3
xenon 50- 10712 cm?

Table 3.1.: Composition of one extraction of the standard calibration pipette (STD) used to
quantify the response of the mass spectrometer and the determination of the field parameters.
Numbers from [45] and [55].

Detection at the end of the flight tube is done by either a secondary electron multiplier
(SEM) device or a Faraday cup. More sensitive to small numbers of ions is the former,
consisting of a coated dynode, where incident ions induce the emission of secondary electrons.
These are accelerated and amplified by the continuous, tube-like structure of the dynode and
registered at a metal anode at the end. Not shown in the schematic view, but visible in the
photograph are the two getter modules connected to the spectrometer. Furthermore the device
delivered by VG incorporates electronics for the magnetic field controlling, spectrometer bake-

out and detector read-out.

3.1.2. Sample preparation by a cryogenic gas-chromatographic set-up

The RGMS is optimized in [45] on its response to the noble gases argon, xenon and especially
krypton in order to compete with the needs of the XENON experiments. This included the
development of a gas-chromatographic pre-separation device, shown in Figure in order
to avoid the bulk xenon of the batches influencing the necessary UHV of the VG 3600 mass
spectrometer.

Ultra pure helium is needed as carrier gas for the separation process in order to avoid kryp-
ton contaminations. Thus, 6.0 helium is further purified by passing it through an adsorbent
filled column (T1: 10 mm inner diameter, 8.18 g Carbosieve S-III by Supelco Analytical [45])
at liquid nitrogen (LNg) temperature, where krypton traces get trapped efficiently. An esti-
mate of the achieved purity of the residual helium by this technique is done in this work in
section[3.2] The batch extracted from the sample mounted at the destined ports, is quantified
in a calibrated volume V,; by its pressure at room temperature. Afterwards it is frozen to a
second adsorbent filled column (T2: 6 mm inner diameter, 0.64 g Chromosorb 102 by Johns

Manville [45]) at LNy temperature. Increasing the temperature by immersing the column
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Figure 3.2.: (Left) Schematic drawing of the cryogenic gas-chromatographic set-up. The
three adsorbent filled columns are used for He-carrier gas cleaning, krypton-xenon separation
and krypton collection. Figure from [52]. (Right) Photograph of the same device, set-up at
MPIK.

into cooled ethanol and pushed by the helium carrier gas, the different gaseous components
of the batch get macroscopically separated by their different interaction strength with the
surface of the adsorbent. Krypton can be collected on a third adsorbent filled column (T3:
identical to T2) immersed in LNy without collecting xenon if the separating valve is closed
before the bulk xenon passes T2. A validation of the very good separation power of this
set-up is given in section [3.2.3] All parts of the set-up are selected for high purity standards.
Only stainless steel tubes, copper sealed flanges and fully metal sealed valves are used. The
adsorbent filled columns are made of borosilicate glass with special glass to metal seals [45].
A standard turbomolecular pump together with an oil-free piston pump are used to set the
vacuum system and avoiding the diffusion of adsorbent polluting hydrocarbons.

The acceptance a g, of the gas-chromatographic procedure was determined in [45] for kryp-
ton. This was done by performing the separation procedure with the STD and the comparison
of the result with the known calibration response of the mass spectrometer. The result is
ag, = (0.97 +£0.02).

3.1.3. Xenon assay

In [45] a standard xenon assay procedure was developed and evaluated. Xenon samples are
usually filled in sample containers, commonly referred to as sample pipette. The standard
sample pipette used consists of four fully metal sealed valves welded together. An example
of such a sample pipette is shown in Figure [3.3] Destined sampling ports are available in
the XENON100 experiment, see section and also planned for XENON1T. Usually the
sample pipette is baked moderately and pumped for a few days before filling in order to
remove residual krypton contaminations. More intensive care has to be taken in ultra pure

xenon sample taking which will become necessary for XENON1T and is described in section
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3.1. The RGMS setup

The sample pipettes are then filled with the pressure of the operating system, in the
case of the XENON100 experiment this is ~ 2.2 bar. This slight overpressure reduces the
risk of sample contaminations due to internally leaking valves, which enclose the sample.
Furthermore, if a standard pipette is used, the three different volumes enclosed by the four
valves, are separated and an internally leaking valve can be identified if the results of different

volumes differ significantly.

Figure 3.3.: A standard xenon sample pipette used in this work. Four fully metal sealed
valves are welded together and enclose three separable sub-volumes. The innermost volume
is thus shielded on both sides by two valves and one buffer xenon volume minimizing the
impact of eventually internally leaking valves.

Once the sample pipette is mounted to the ports at the RGMS, the chromatographic process
can be performed. This includes the splitting of the sample into several batches and the deter-
mination of the assayed gas amount in the calibrated volume V., with a precise capacitance
manometer (Edwards Barocel 600 series, 0.15 % accuracy [45]). The gas-chromatographic
procedure is performed in standard operations with -80 °C at T2, a helium carrier gas flow of
40 ml/min and a 880 seconds acceptance window for krypton until T3 is closed to cut off the
bulk xenon. Subsequently the gas is transferred to the cold finger of the mass spectrometer
by cryogenic pumping for 40 minutes. This includes opening a valve to an additional high
temperature getter module from SAES. It removes very efficiently non-inert impurities by
chemically binding them, because some of them pass the chromatographic process due to
similar retention times to that of krypton, as shown in section The batch transfer to
the mass spectrometer can be monitored by a friction manometer (Leybold VK201), avoiding
any additional contaminations of the batch from the sensor.

Stopping the cryogenic pumping by closing the connecting valve at the mass spectrometer,
the cold finger is reheated to room temperature, while the evacuation of the spectrometer
is stopped and data taking starts. The response of the spectrometer to ®*Kr for a STD
measurement is shown in Figure [3.4] (left).

The background of the measurement is determined by looping over the considered isotope
masses and observing their evolution with time. Outgassing of hydrocarbons and residual
noble gases from the spectrometer walls leads to a slight increase of the observed background
before gas inlet. At a time ¢y the valve to the reheated cold finger is opened and the gas dis-
tributes inside the spectrometer, is ionized and detected. This results in a sudden increase of

the response of the SEM or Faraday cup. Ion implantation to the spectrometer walls provokes
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Figure 3.4.: (Left) Time evolution of the 34Kr SEM-signal for a STD measurement. At t, the
gas is introduced to the spectrometer and the pedestal is later on quantified by linear fits to the
increasing background before and the decreasing signal after gas inlet. (Right) Several mass-
scans over the expected krypton region are performed. Slightly shifter to higher masses and
present before the gas inlet there is a background of (multiply) ionized hydrocarbons. With
introduction of the STD, the peaks appear at lower masses clearly indicating the presence of
krypton isotopes. Figure from [45].

a slowly decreasing signal with time as well quantified by looping over the considered isotope
masses. The observed pedestal at ¢y inferred by the interpolation of the two linear regimes
before and after gas inlet, quantifies the response of the spectrometer to an introduced amount
of gas. In Figure (right), several mass-scans over the main krypton isotopes are performed
before and after gas inlet. The background present before the inlet is shifted to higher masses.
It is mainly due to the presence of (multiply) ionized hydrocarbons, which appear at higher
masses due to their high number of hydrogen constituents. With the introduction of the STD
the peaks appear at the calibrated values of the krypton isotopes. As well in this plot the
time dependence can be seen: Increasing before gas inlet due to outgassing and decreasing
afterwards due to ion implantation to the spectrometer walls.

Being able of quantifying amounts of noble gases with the VG 3600 mass spectrometer and
assaying amounts of few ccmSTP xenon with the pre-separation device, the RGMS set-up
achieves a high sensitivity for trace contaminations of krypton in xenon. The krypton impurity
level (KIL) of an assayed xenon batch can then be determined from the ratio of the krypton

amount quantified by the mass spectrometer and the volume of the xenon batch:

((S; — By) - fm(i)~L - STDy); - aj. -

KIL = natXe

(3.1)

The batch size is inferred from the pressure p and temperature 71" in the calibrated volume
of the chromatographic set-up via "Xe = p - Vo - Tp /T, where Ty denotes the standard
temperature. The trace amount of krypton is calculated by considering, if available, several
isotope measurements. For a single isotope the pedestal of the batch is related to the pedestal

of a calibration measurement, performed at least once before processing the batch. This ratio
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is given by S; and corresponds to the signal strength, whereas B; denotes the background
strength, which is subtracted from the signal strength and determined by procedure blank
measurements. This means measurements of the full gas-chromatographic procedure without
a xenon batch introduced to V4. This gives an estimate of the background present due to the
introduction of impurities to the batch as a result of air leaks in the system or contaminations
of the helium carrier gas. B; is usually averaged over several measurements of a time period in
which the operating conditions were approximately equal. The result obtained for a specific
isotope is in the end multiplied by its mole fraction f,,(i) and related to the STD amount.
The considered isotopes are then averaged (...); and divided by the acceptance a, of the full
procedure.

This final result includes several types of uncertainties, which were intensively studied for
krypton impurities in [45]. All measurements are influenced by systematic errors on the
STD (ASTD), the acceptance of the chromatographic process (Aa) and the xenon batch size
(A3 Xe). The latter is dominated by the uncertainty of the capacitance manometer p at V,q
estimated to be ~ 3.5 %. The uncertainty of the calibration pipette ASTDf, is in the order
of 16.5 %, which by far dominates the systematics.

Moreover, each single measurement is subject to variations in the chromatographic proce-
dure, instabilities of the ion source high voltages, statistical uncertainties in ion counting at
the SEM and background fluctuations due to variations of tiny air-leaks or internal outgassing
effects. The latter is in detailed discussed in section and The uncertainty due to
these statistical fluctuations can be estimated by the standard deviation of the common mean
if several batches of the same sample are measured. In the case that only one single measure-
ment is available the averaged standard deviation of all samples measured so far is considered.
This standard deviation for a single measurement is evaluated in [45] to 13.5 %. In section
a re-evaluation of this number is performed, as more care has been taken on stable
operating conditions during this work, which pushes the total error (the quadratic sum of the

systematic and statistic effects) already close to the limits given by the systematic effects.

3.2. Improvement of the Sensitivity and Stability of the RGMS

As presented in the previous section, the RGMS system was optimized to its response to
krypton in xenon already in [45]. First results of measurements at the ppt level are presented
n [52], for example a sample taken during the 225 live-days run or samples showing the
performance of the krypton distillation done after the end of this run.

But facing the upcoming challenges of the XENON1T experiment and its experimental
goal of reducing the krypton concentration down to ~ 200 ppq, this work was dedicated to
improve the sensitivity of the RGMS. Furthermore stable operating conditions are desirable

for longterm operations and thus constant monitoring of the XENON1T experiment. Hence,
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3. Off-line krypton analytics: The RGMS setup

the next section explains the improvements of the set-up and the very good results concerning
the reached stability, which is closely linked to the achieved sensitivity, already projected in
[52] and in detail discussed in section

3.2.1. The RGMS stability

The stability of the RGMS system depends on the reproducibility of measurements with the
mass spectrometer and on fluctuations of the gas-chromatographic procedure. The former is
mainly dominated by the settings of the ion source of the mass spectrometer. During this work
the accelerating high voltage was set to 5 kV by a high voltage module (FUG HCE 35-6500).
A custom-made electronic controller for the ion optics was added to the set-up. This system
includes a voltage dividing chain to set the ion focusing and repelling voltages, the supply for
the electron accelerating voltage and a PID controller for the cathode current, which leads
to constant electron emission. All parameters are monitored and most of them can be set
independently. Before each measurement the parameters were adjusted manually to their
standard values, which were optimized for a maximum response of the mass spectrometer to
the krypton isotopes at the beginning of this work. This is most important for the focusing
voltages, as tiny leakage currents appearing on the focal plates lead to longterm shifts of
the settings. During one measurement, small fluctuations of the voltage supplies as well as
shifts of the aforementioned leakage currents appearing inside the ion source lead to further
instabilities in the ionization process and the subsequent ion acceleration and focusing. Thus
the response of the mass spectrometer to the same amount of gas can show variations. This
is easily monitored by comparing the continuously taken calibration standard measurements.
In Figure (left) the evolution of the response of the mass spectrometer to the STD is
plotted over time.

Two very stable periods are visible. The change appearing at the December 11, 2013,
was triggered by the introduction of a highly polluted batch which was measured that day.
The high rate of ion implantation on the coated dynode surface of the SEM caused aging
effects of the device and thus lowered its response to the STD after that incident. For
stable operating conditions such high rates have to be avoided for the SEM. Therefore the
gas amount introduced to the spectrometer is usually monitored by the friction manometer
mounted to the set-up after the gas-chromatographic pre-separation. Figure (right) shows
the corresponding histograms for the response of the mass spectrometer to the STD for
these two time periods. Gaussian fits give reasonable results and from the inferred standard
deviation an estimate for the stability of the mass spectrometer can be done. Both periods
give a relative uncertainty of ~16 %. This confirms that only the SEM got damaged leading
to an absolute decrease of its response and no other effect was provoking it.

The response of the mass spectrometer is thus longterm stable within ~16 %. However, this

might be not the correct estimate for the precision of a single krypton in xenon measurement
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Figure 3.5.: (Left) The evolution of the response of the mass spectrometer to the STD
over time. The SEM got damaged during the measurement of a highly contaminated sample,
which explains the drop of the response observed at the beginning of December 2013. (Right)
All available measurements of both time periods are shown in two different histograms, the
upper corresponding to the period before the SEM damage and the lower corresponding to
the period after the SEM damage. The relative uncertainty determined by a gaussian fit
stays approximately identical with ~16 %.

performed with the complete RGMS procedure. First, variations of the STD response might
be as well due to different amounts of gas extracted from the STD for calibration. The extrac-
tion is done by a small volume enclosed by two fully metal sealed valves closed with a torque
wrench, which can lead to tiny volume differences. Second, two subsequent measurements of
the STD at the same day showed highly correlated results. This means, that the output of
single calibration measurement seems to reflect the operating conditions more precisely than
the averaged response. Therefore, a STD measurement is performed before every assayed
batch. Third, and already mentioned at the beginning, the complete measurement procedure
is subject to fluctuations, for example variations in the gas-chromatographic procedure (such
as slight differences in the ethanol bath temperature, etc.).

For the above reasons, as already done in [45], the standard deviations of all available
krypton in xenon measurements are averaged in order to get an estimate of the statistical
uncertainty underlying the complete measurement procedure. Considering the results of chap-
ter with no special concerns, this leads to a 2.9 % statistical standard deviation for a single
measurement. This value is lower than the one reported in [45]. On the one hand, this can
be due to the possibility of monitoring the parameters of the ion source and their adjustment
before each measurement, which seems to guarantee way more stable operating conditions.
This pushes down the uncertainty for a sample where only one single batch could be measured
down to 17.2 % dominated only by the overall systematic error.

On the other hand, the complete RGMS system was simplified during this work, facing

another source of possible measurement instabilities: the leak tightness of the system. Tiny
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3. Off-line krypton analytics: The RGMS setup

(diffusive) air-leaks of the UHV system can introduce krypton from the ambient air, which
would increase the background. Moreover, these air-leaks might be varying with time, as
the ambient pressure or the mechanical stress on the leaky system component is subject to
variations. Therefore constructional elements known to be a source of possible air leaks have
to be minimized, mainly flexible tubes and valves.

A schematic overview of the RGMS set-up is given in Figure As the mass spectrometer

independent interface
Y

X
Xe Batch In X .
friction manometer .
¢ X ion source

N

o
cold finger magnet

. —)W

hot getter

detectors

Figure 3.6.: Schematic overview over the full RGMS setup at the time of writing. Compared
to [45] the interface is made independent from the standard procedure in order to reduce
possible sources of defect components, but still fully accessible for additional operations.

was used for many other purposes during the last two decades, the complete set-up contains
several dead flanges, enclosed tubes and unnecessary valves. But due to already reached very
good UHV conditions and mechanically fixed sections, a complete reassembling of the set-
up is not desirable. However, during this work, the part used for installing an independent
calibration pipette, see [45], which contains several accessible sampling ports, was moved
out of the standard procedure, simplifying the set-up and avoiding possible sources of tiny
air-leaks.

Furthermore the complete RGMS system was leak checked first by measuring accumulated
blanks of the different separable sub-volumes of the set-up with the mass spectrometer and
afterwards performing detailed leak checks with a dedicated helium leak detector. With this
twofold approach leaks very close to the detection limit of the leak detector could be identified

and removed.

3.2.2. The RGMS sensitivity

Closely linked to the question of leak tightness is the sensitivity of the RGMS, because back-
ground fluctuations are a limiting factor for it, as it can be seen in the following. The
theoretical sensitivity of the RGMS can be calculated by the ratio of the minimal amount of
krypton detectable with the RGMS ("*Kr) min @nd the maximal amount of xenon which can
be processed ("**Xe)

The former can be inferred following the international standards for measurements of ion-
izing radiation [56] and is illustrated in Figure Starting point are the fluctuations of
the background underlying any krypton measurement. At 90 % probability that a measured

max’
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Figure 3.7.: Sketch illustrating both decision threshold and detection limit [56] at the
90 % confidence level for the RGMS krypton assay assuming a procedure blank of (0.013 +
0.003) ccmSTP "*'Kr and a uncertainty of 17.2 % for a single measurement. Sketch adopted
with new values from [45].

result corresponds to a gaussian fluctuation of the background a decision threshold is set. An
observed outcome of a measurement is treated as signal-like if the result is above this decision
threshold. The minimal detectable amount of krypton ("*Kr) . is defined at 90 % C.L. as
the mean of a gaussian distribution, with the standard deviation for the outcome of a single
krypton in xenon measurement, with 90 % of the distribution above the decision threshold.
This means, that for a krypton amount of ("*Kr) . there is a 90 % probability of being
treated as a signal-like outcome, if only one single measurement is done.

A first conclusion is that background fluctuations and signal stability are the two main
impacts on the reachable sensitivity of the RGMS. As already discussed in section [3.2.]
huge efforts were made during this work in order to improve the signal stability and the
background fluctuations, mainly by observing the ion source parameters and assuring absolute
leak-tightness of the system. As discussed in the previous section, the standard deviation for a
single RGMS measurement is found to be 17.2 %, mainly dominated by systematics. And on
the other hand, repeated and combined measurements of the procedure blank under the same
operating conditions give an valuable estimate of the strength of the background fluctuations.

The development of the procedure blank of the RGMS system as a measure of the back-
ground and its fluctuations is shown in Figure 3.8, This evolution can be split up in different
periods, where the averaged procedure blank showed different results. During this work,
the improved leak-tightness of the system lead to a reduction of the procedure blank first
to (0.081 £ 0.004) - 10712 cemSTP "@*Kr and later even further down to (0.013 & 0.003) -
1072 cemSTP "#*Kr.

With the most stable background conditions achieved in December 2013 and the above
calculated standard deviation of a single measurement, the theoretical minimal amount of
krypton which can be detected with the set-up gets ("*Kr) . = 0.008 - 1072 ccmSTP at
90 % C.L. Showing in chapter |4/ that the processing of xenon amounts of at least 2.85 ccmSTP
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Figure 3.8.: Evolution of the procedure blank during this work and [45]. The leak search
done in summer 2013 reduced the background and its fluctuations significantly. Afterwards
stable conditions were only reached by taking intensive care for leak tightness, indicating that
the dominant background contribution are still the presence of tiny air-leaks.

is possible with the gas-chromatographic set-up, this translates to an overall theoretical de-
tection limit at 90 % C.L. of the RGMS of

("*KT) i —3.10-15 19 mol
(natXe) mol

max

DL = =3 ppq . (3.2)

Understanding the contributions to the procedure blank is mandatory in order to further
improve, and even more important, to guarantee longterm stability of this excellent back-
ground conditions. As already pointed out in section the set-up was for this reason
modified in order to exclude possible leak sources from the standard procedure. Another pos-
sible contribution to the background is the residual krypton concentration of the helium carrier
gas. About (900 £ 120) ccmSTP helium is used in the procedure, estimated by the amount
of helium necessary to fill the gas-chromatographic set-up (total volume of ~ 290 cm?) to a
pressure of ~ 1 bar and flushing the column for ~ 15 minutes with a flux of ~40 ml/min in
order to perform the separation. The contribution of krypton added to the procedure by this
amount of helium carrier gas can be estimated by comparing actual procedure blank mea-
surements with freezing blanks of all contributing volumes. A freezing blank is the transfer
of the residual amount of gas present in T3 to the cold finger of the mass spectrometer by
cryogenic pumping after intensively pumping and baking the contributing volumes, including
T3, in advance. The average of several such measurements can be related to the amount of
krypton quantified by the procedure blank. With this method, only an upper limit of the
residual krypton contamination of the helium carrier gas after the purification in T1 is found
with &I < 0,012 - 10715 M — 0,012 ppq at 90 % C.L.

Lowering the procedure blank further in order to increase the sensitivity therefore already

gets very difficult. Absolute leak-tightness is assured as far as it is possible with the present

32



3.2. Improvement of the Sensitivity and Stability of the RGMS

set-up, and the contribution of the helium carrier gas can be completely neglected. Further-
more, the detected amounts of krypton with the mass spectrometer in a procedure blank
measurement are already very close to the detection limit of the mass spectrometer itself.

This is shown in Figure |3.9

15

cts/sec

10—

‘ L L i \ L
-10 5 0 5 10

Time[min]

'
(]

Figure 3.9.: The response of the mass spectrometer for a measurement of the procedure
blank at the lowest achieved conditions. A pedestal function as well as a linear increase
are fitted to the data, resulting in x?/npr = 0.91 and x?/xpr = 1.35, respectively. This
indicates that the measured krypton amount is already very close to the detection limit of
the mass spectrometer.

The measurement of a procedure blank is shown, resulting in (0.018 & 0.009)-10~*2 ccmSTP
krypton. The measured pedestal already has a ~ 50 % relative uncertainty due to the limited
ion counting statistics. Both a linear interpolation and the pedestal fit result in high p-values
of 0.16 and 0.54, respectively. Thus, it gets already difficult to decide, weather the observed
data are correctly described by a pedestal-like gas inlet. It can be concluded, that such a
result is close to the detection limit of the mass spectrometer, which is then in the order
of 1-107" cemSTP "*Kr. Only few possibilities are left in order to increase statistics. A
higher sensitivity of the SEM can be achieved by increasing the collecting high voltage. This
however is not permanently achievable as aging effects always will reduce the sensitivity and
even speed up at higher voltages. Additionally the measurement procedure could be changed,
neglecting the by default performed simultaneous measurements of argon and xenon masses
for cross-checking reasons, and thus increasing the rate of looping over the krypton isotopes.
This however reduces the statistical uncertainty only by few percent as already verified in
tests with the STD.

As the background is already very close to the detection limit of the RGMS, a further
increase of its sensitivity could be achieved by increasing the amounts of xenon which can be
processed by the gas-chromatographic set-up. Therefore a detailed study on the separation

power of the existing columns is performed in the next section.
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3.2.3. Investigating the gas chromatographic separation procedure

In order to test the performance of the used adsorbent filled column in regard of its kryp-
ton/xenon separation the RGMS set-up is modified. A commercially purchased gas chro-
matograph (Trace GC Ultra from Thermo Scientific) is available in the same laboratory at
MPIK. Mounted to this device is a pulse discharge detector (PDD), which is based on pulsed
helium discharge photo-ionization, see [57] and [58]. The complete set-up was already studied
in [45)] in regard of its response to krypton traces.

For a test of the gas-chromatographic separation procedure of the RGMS, the PDD is
connected directly to the output of the helium carrier gas (which is in the standard procedure
just released to air) of the gas chromatographic set-up by stainless steel tubes of approximately
10 meters length. The modification of the set-up is shown in Figure (left). The gas
transfered to the PDD can be analyzed: a pulsed high voltage discharge is produced by two
electrodes in a clean helium environment, flushed with a typical flux of ~ 60 ml/min, avoiding
contaminations of the electrodes. Photons of the emission continuum between 13.5 eV and
17.5 eV [59] can then ionize all gas components introduced to the PDD, except neon and the
carrier gas helium itself. The ionization current is then read out by a collector electrode. A
schematic view of the PDD is shown in Figure (right).

GROUND PIN
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connection tubing
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Figure 3.10.: (left) Modification of the gas chromatographic set-up of the RGMS used for
krypton/xenon separation. The helium carrier gas is led to the PDD by a stainless steel
connection tube. A temperature sensor at T2 allows for the precise evaluation of the gas-
chromatographic separation procedure. (right) Schematic view of the a pulsed discharge
detector (PDD). Figure from the VICI (Valco Instruments Co. Inc.) Pulsed Discharge
Detector Models D-4-I-TQ-R and D-4-I-TQI-R Instruction Manual.

As the connection tube between the output of the gas-chromatographic set-up and the
detecting device is in the order of 10 m, a measurement quantifying the time-offset between
the gas reaching the adsorbent filled column T3, which collects the gas in the standard
procedure, and the actual detection at the PDD was performed. Hydrogen is spiked at the

output of the gas-chromatographic system and the time-offset to the subsequent detection is
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measured, yielding At = (190 £ 10) s for a helium carrier gas flux of (41 + 2) ml/min, which
is typical in the standard procedure. Additionally, a PT100 temperature sensor is mounted to
the adsorbent filled column T2, in order to investigate the influence of temperature deviations
on the separation procedure.

First, a 1:4 krypton/xenon mixture is separated with the standard procedure by the column
T2 and the result is shown in Figure (left). Thereby, 0.048 ccmSTP of the mixture are
frozen to the column T2, which is set to -80 °C at time tg. The acceptance window of the
standard procedure is shaded in gray, shifted by the time offset At between detection at the
PDD and the usual collection at T3. In order to speed up the process, the column is set to

-30 °C after 30 minutes, reducing the time xenon needs to elute from the column.
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Figure 3.11.: (left) PDD signal (red) for a separation of a 1:4 krypton/xenon mixture.
Krypton reaches the collecting column T3 ~ 9:00 min after the start of the chromatographic
procedure and completely inside the acceptance window of the standard procedure. As in-
dicated by the temperature evolution at T2 (blue) the process is speeded up by increasing
the temperature to -30 °C, pushing the xenon through the column. (right) PDD signal for
a separation of a 1:100 krypton/xenon mixture. After setting the separating adsorbent filled
column T2 to -80°C, the ethanol bath is left untouched, resulting in a modest temperature
increase (blue) towards ambient temperature. First xenon traces reach the PDD only after
~ 100 minutes and a temperature of -76°C.

The krypton peak reaches the collecting column T3 ~ 9:00 min after the temperature in-
crease from LNs to a -80 °C ethanol bath. Only, if at all, a very tiny fraction of the slow tail
of the krypton peak is cut off, confirming the estimation of the krypton acceptance of the
gas-chromatographic procedure of ax, = (0.97 +0.02) done with the mass spectrometer in
[45]. This is supported by the fact that the sketched acceptance window is only a conservative
lower limit, because the time the gas needs to pass the heated column T3 is not considered
in the used time-offset At.

The xenon peak reaches the collecting column only after setting the column to a -30 °C
ethanol bath. No traces of xenon, which would contaminate the extracted krypton, seem
to appear before this increase. This is supported by the measurement shown in Figure [3.11

(right), where a 1:100 krypton/xenon mixture is separated by the column, but this time
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3. Off-line krypton analytics: The RGMS setup

without pushing the xenon out of T2 by abruptly increasing the temperature. The tem-
perature just slowly converges towards ambient temperature due to the heat input from the
environment. Therefore the peak corresponding to xenon is broadened compared to the one
in Figure (left). The first traces of xenon then appear at T3 ~ 95 min after the start
of the chromatographic process and at a temperature of ~-76 °C. This means that indeed
no bulk xenon passes the gas-chromatographic separation, providing the necessary vacuum
conditions required for the trace analysis performed with the VG 3600 mass spectrometer in
the standard procedure.

On the other hand, this measurement shows that xenon already starts to pass the separating
column at temperatures very close to -80 °C. As the ethanol bath is cooled down manually,
temperature fluctuations might be present. For this reason Figure (left) shows the

systematic influence on the separation power for different ethanol bath temperatures.
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Figure 3.12.: (left) PDD signal (red) and temperature at T2 (blue) for a separation of a 1:4
argon/xenon mixture. Argon reaches the collecting column T3 ~ 3:50 min after the start of
the chromatographic procedure. (right) PDD signal for two different separation procedure,
showing its dependence on the temperature at T2.

This measurement is performed with a helium calibration gas mixture containing contam-
inations of hydrogen, oxygen, nitrogen, carbon dioxide, methane, argon, krypton and xenon
on the 5-10 ppm level. The krypton peak is identified as the second one by comparing the
arrival time at T3 with the one obtained by measuring the pure krypton/xenon mixture. No
xenon traces are registered in the acceptance window for the separation performed at -75 °C.
Moreover, the acceptance of the separation process stays unaffected on the sensitivity level
of the PDD, as no krypton tail outside the acceptance window is visible, even for the mea-
surement with higher retention times performed with a -85 °C ethanol bath. Assuming that
the manual cooling does not result in differences larger than £5 °C, the separation procedure
can be considered as stable in regard of its high acceptance and good separation power.

Figure (right) confirms that the first peak observed in the separation of the helium
calibration gas mixture of Figure (left) indeed corresponds to the noble gas argon, as

for this measurement a 1:4 argon/xenon mixture was processed. The argon peak reaches the
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collecting column at ~ 3:50 min after the start of the chromatographic separation procedure.
The appearance of the peak before the krypton peak allows the assumption that its acceptance
a Ay is at least as high as the acceptance for krypton ag;-.

Only two fast peaks and two overlapping slow peaks are visible in the separation of the
helium calibration gas mixture, as seen in Figure (left), even though the mixture contains
more than four components. It has to be concluded, that the visible peaks are superpositions
of the different components present in the mixture. Oxygen and nitrogen most likely act
comparable to argon and methane acts comparable to krypton. Hence, these impurities
will also pass the gas-chromatographic separation. The use of a strong getter module in
the system after the separation is therefore absolutely mandatory in order to remove these
contaminations, if present, from the krypton. On the other hand carbon dioxide is known
to have similar retention times as xenon, which can even be resolved if the column is set to
-30 °C by the observation of a double peak structure [60], where the second one appears at
the xenon arrival time. Thus the first peak before xenon is assumed to be carbon dioxide,

which is as well cut off in the standard procedure.
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4. RGMS results

The off-line analytics system RGMS provides a monitor with a so far unprecedented sensi-
tivity for krypton in xenon assay. It can be used in order to investigate and improve the
purity conditions of the LXe dark matter search experiments XENON100 and XENON1T.
Furthermore, only constant monitoring of the krypton concentration can provide an estimate
of the background originating from 3Kr decays. This chapter starts with monitoring results
of the most recent science run of the XENON100 experiment in section 4.1 This third science
run (SR3) is the first dataset with more than one accessible krypton in xenon assay result.
This allows a correlation study which links the impact of air leaks between increase in the
krypton concentration and the observation of higher radon activity inside the detector. The
second part of the chapter focuses on the interplay between krypton monitoring and improve-
ments in xenon purity by cryogenic distillation. First, section discusses results of different
distillation runs of the XENON100 experiment. Section then focuses on the XENON1T
distillation column built by the Miinster XENON1T collaboration group, which resulted in the
purest xenon sample taken and measured so far [61]. This section therefore concludes with
the implications for the RGMS system in order to be able to perform stable measurements in
the ppg-regime. An overview over all RGMS results relevant for this work can be found in
the appendix [A]

4.1. Monitoring the XENON100 experiment

Already the first science run (SR1), leading to the 100 life-days dark matter search result of
[24] and the second science run (SR2) leading to the 225 life-days publication [25] were mon-
itored with samples assayed by the RGMS system. This resulted in (340 + 60) ppt krypton
for SR1 and in (14 + 2) ppt krypton for SR2. These results agreed well with in-situ krypton
analyses as discussed in more detail in chapter [5| However, there was only one measurement
available for each run, representing the operating conditions at the time of sample taking.
Due to the improved stability of the RGMS, it was possible in SR3 to follow the evolution of

the krypton concentration for the first time during the course of a run.
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4.1.1. The evolution of the krypton concentration during SR3

In total, there are six different samples that have been taken during SR3. Usually the sample
pipette is connected to one of the accessible ports of the XENON100 gas system. The outcomes

of the krypton in xenon assay with the RGMS system during SR3 are summarized in Table

Z9i!
Name Sampling date "**Xe [ccmSTP)] Kr/Xe [ppt]
SR3-1 14/12/2013 0.262 £0.008  0.71 4 0.185%at 4 (0,125vs
0.71 + 0.22
SR3-2 09/01/2013 1.95+0.06 0.95 4 0.015%t £ 0.16%Y8
0.95 £ 0.16
SR3-ATTA 30/09/2013 0.353 £ 0.013 404 + 65t 4 708vs
0.242 + 0.009 465 + 451t 4 78SYS
435 £ 79
SR3-3 21/10/2013 2.60 £+ 0.09 9.2 4 0.055%at £ 1,558
0.55 £0.02 8.9 4 (.15%t + 1,558
1.77 £ 0.06 8.1 £ 0.15%at £ 1,458
8.7+ 1.5
SR3-4 22/12/2013 0.258 + 0.009 10.9 £ 0.15%% 4- 1,958
1.70 £ 0.06 11.4 4 0.15%¢ 4 2 0vs
0.546 + 0.020 10.9 + 0.15%% 4- 1,958
11,1 +£ 1.9
SR3-Rec 10/02/2014 0.345 £ 0.012 25.2 £ 0.35%t £ 4 45vs
0.288 + 0.010 26.2 4= 0.15%t £ 4,558

25.7 + 4.3

Table 4.1.: Summary of the krypton in xenon assay during SR3. SR3-1 to SR3-4 as well as
SR3-ATTA were drawn at the XENON100 gas system during SR3. SR3-Rec is sampled from
the xenon bottles after the recuperation at the end of SR3. Result of SR3-1 from [52]. SR3-2
to SR3-4, SR3-Rec and SR3-ATTA were drawn and measured during this work. If more than
one measurement is available the statistical uncertainty is calculated individually, otherwise
the overall uncertainty for a single measurement is applied.

The samples drawn in December 2012 (SR3-1) and January 2013 (SR3-2) were taken prior to
the start of dark matter data taking, confirming the very good achieved purity conditions with
the krypton distillation performed previous to the detector filling. For these measurements
it was not possible to perform more than one RGMS measurement, therefore the standard
deviation for a single measurement is applied. 21.5 % for SR3-1 and 17.2 % for SR3-2 as
quoted in section because the latter was already done under the controlled conditions

of the ion source, which improved the stability significantly.
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4.1. Monitoring the XENON100 experiment

For SR3-ATTA a sample pipette different to the standard pipette of Figure was used
and turned out to be leaky. This hypothesis is supported by observing a strong pressure
decrease with the friction manometer, after including the hot getter to the procedure. This
can be explained by removed nitrogen and oxygen, which also pass the gas-chromatographic
separation. The observed pressure drop can be related to an amount of air contaminating the
batch (in roughly 11 volume). Assuming the krypton fraction of air this can be translated into
a krypton amount, which corresponded very well for all three batches to the amount quantified
by the mass spectrometer. This shows the possibility of using the friction manometer as a
tool for indications of air contaminations. As the measured krypton amount is originating
from an air leak, the sample contains no informations about the status of the XENON100
experiment. It is thus removed from any considerations about the krypton evolution during
SR3. But despite of the leak the same sample was measured by the atom trap trace analysis
(ATTA) device employed at Columbia University, New York [51I]. The result of (500 = 140)
[62] agrees with the RGMS measurements and therefore confirms its absolute calibration in

the high ppt-regime.

SR3-3 was drawn in October, 2013, and showed a higher krypton concentration compared
to the samples SR3-1 and SR3-2. It was measured three times with each batch extracted from
a different sub-volume of the standard sample pipette. Since the results are consistent within
statistical fluctuations, it is concluded that the krypton concentration of the xenon inventory

of the XENON100 experiment increased during the course of the current science run.

Sample SR3-4, drawn in December 2013, confirmed that the krypton concentration was
still increasing. Hence, an air leak in the detector system had to be present, introducing air
to the system. This results in an accumulation of the krypton concentration and, compared
to gases as oxygen or nitrogen, it is not removed by the hot getter of the gas system. The
RGMS measurements SR3-3 and SR3-4 provoked actions such as a nitrogen flushed bagging
of the gas system in order to prevent additional air to leak into the system. As a result of

the bagging the science run could be continued.

Dark matter data taking of SR3 ended mid January 2014. After recuperation of the xenon
inventory, the sample SR3-Rec was drawn from the storage bottles. It shows a significantly
higher krypton concentration than expected from a constant air leak between SR3-2 and SR3-
4. This can be explained by the fact that during the process of normal recirculation the GXe
passes the gas system at a pressure of ~ 2.2 bar driven by a recirculation pump. At the end
of recuperation however, the pressure drops below 1 atmosphere and thus no overpressure
prevents external air to leak into the gas system. The leak was later on identified at the

membrane of the recirculation pump and supports this explanation.

The evolution of the krypton concentration during SR3 is displayed in Figure It
shows the clear increase in krypton concentration due to the accumulation of krypton from

air, introduced by the leak found at the recirculation pump after the end of SR3. More
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Figure 4.1.: Krypton assay results of the RGMS for the samples taken at Xenonl100 during
the course of SR3. A clear increase with time is visible, but due to a lack of information
towards the middle of the run no conclusion about the gradient can be drawn.

information about the air leak is gained from a correlation study with the measured radon

rate inside the XENON100 experiment, which is presented in the next section.

4.1.2. Radon and krypton and the estimate of possible air leaks

As explained in the previous section, the RGMS measurement during SR3 unveiled the pres-
ence of a leak, introducing air and, thus, krypton to the xenon inventory of the experiment.
An air leak can also be identified by finding correlations between the radon decay rate inside
the XENON100 experiment and an outside radon monitor as already done for SR2 [63]. In
the following, the air leak size during SR3 is estimated by such a radon correlation study and
compared to the air leak size inferred from the krypton evolution druing the run.

The radon isotopes 2?2Rn and ??°Rn arise in the primordial decay chains of thorium and
uranium, which are present in almost all materials. Produced by the « disintegration of their
mother isotope radium, see Figure [£.2] the radon atoms can get sufficient recoil energy to be
repelled out of material surfaces or eventually leave the bulk material by their diffusive motion.
If this emanation process occurs in materials housing the xenon inventory, the radon can
dissolve in the xenon. The isotope ??2Rn with its half-life of ¢, /2 ~ 3.8 days can even diffuse
in air after emanation from laboratory surrounding soil, rocks and concrete, leading to activity
concentrations of 2?2Rn up to hundreds of Bq/m®. Subsequently, the radon can penetrate
into the detector system through tiny air leaks or diffusive materials. Inside the XENON100
experiment both radon isotopes are serious background sources due to their subsequent decays
as shown in Figure [£.2]

The impact of radon and a dedicated determination of the concentration present in the

XENON100 experiment has been studied in [63], where radon decay selection algorithms are
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Figure 4.2.: (left) The ??°Rn decay scheme occurring in the decay chain of the primordial
isotope 232Th [48]. (right) The ???Rn decay scheme occurring in the decay chain of the
primordial isotope 2**U [48]. 222Rn has a much longer half-life compared to 22°Rn, and thus
it can diffuse into the xenon inventory through tiny air leaks or diffusive materials.

developed. Basically the energy deposition of the two subsequent o decays can be tagged or
a coincidence analysis is performed, identifying the 8 and « decay of bismuth and polonium
(BiPo), occurring in both radon chains with half-lives of the intermediate polonium state
of 11/ (*14Po) = 164 us and t1/2 (*'*Po) = 0.3 ps. The BiPo-rate is lower compared to the
inferred « rates, due to a loss of efficiency in BiPo-tagging. This effect, investigated in [63],
originates from the ion drift towards the cathode of the bismuth isotopes which remain charged
after the disintegration of the parent lead isotopes. The BiPo-coincidence at the cathode is
then very likely to deposit its energy in the metallic mesh and remain undetectable for the

algorithms.

As already done for SR2 in [63], the evolution of the radon activity inside the XENON100
detector during the course of a run can be extracted by applying the radon detection algo-
rithms to the dark matter datasets available and averaging the rate on a daily basis. The
result is shown in Figure [£.3] for the o decay rates as well as for the BiPo rate, differing by
the above explained ion drift of the charged decay products.

In Figure a sudden increase in the rates of all radon tagging algorithms is observed
around May 15, 2013. Assuming that an absolute leak tight system shows a constant radon
activity level due to the unavoidable radon emanation from the detector materials, this abrupt
change in activity level can be explained only by additional radon input to the LXe from the

outside air diffusing through a newly opened air leak. On November 30, 2013, the radon rate
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Figure 4.3.: Activity concentration of decays within the ?22Rn decay chain as measured
during SR3. Blue and red are inferred from tagging the o decays of ?22Rn and 2!®Po. Green
represents the activity concentration estimated by the tagging of subsequent BiPo-decays.
Clear jumps in activity can be observed in all channels as marked by the dashed vertical
lines. Figure from [64].

drops down to the initial conditions of the run. This strongly supports the leak hypothesis, as
bagging and nitrogen flushing of the recirculation pump, which is a known source of possible
air leaks, was initiated in November 2013 at the same time. Contrary to the evolution of the
krypton concentration, the introduction of radon atoms due to a connection to the outside
air does not result in an accumulation, but in a constant offset of the rate, because the 2?2Rn
half-life is just in the order of days.

In addition, the measured activity concentration inside the XENON100 experiment can
be correlated to the activity concentration of the ambient air measured by a RAD7 radon
monitor (from Durridge Company) at the experimental site. This allows to estimate the size
of the air leak. Thereby, the following ansatz for the change of the total number of radon
atoms dNN; inside the XENON100 TPC is done:

1
dN; = — - N; -dt +dN, (4.1)
TRn
where the first part accounts for the radioactive decay of the radon atoms with the lifetime of
Trn and the second part is the number of radon atoms diffusing through the air leak linked to
the amount of incoming air dV' with a radon concentration of n, by dN, = n. - dV. Dividing

the above ansatz by dt, yields

dN; 1 av

=— N;j+ne-—. 4.2
dt ;o ne g (42)
Under the assumption that after some initialization time, the processes of radioactive decay
and external radon input reach an equilibrium state (dé\tfi = 0), which is supported by the

above mentioned fact, that no longterm increase in radon decay rates is observed, the equation

simplifies to:
dv 1

— =—— .N;. 4.
dt TRn * Ne ( 3)
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Equation (4.3)) is solved by integrating over time and replacing Nj; (t) and n. (t) with the
measured internal A; (¢) and external a. (t) radon activity concentrations, respectively. The

total amount of air that entered the system up to a time ¢ then is

Vi) = /O PAE) Gy (4.4)

TRn Qe (t/)

This integration can be performed, as illustrated in Figure (left), using just a linear
interpolation between the available data points. The total amount of air that entered the
system as a function of time, derived by application of equation is plotted in Fig-
ure (right). A linear fit is performed, showing very good agreement with the observed
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Figure 4.4.: (left) The ratio of the integrated radon activity concentration during SR3

measured inside (A%) and outside (a%’) the XENON100 experiment gives an estimate of the

accumulated amount of air introduced by the air leak. (right) A linear fit to the evolution of
the accumulated amount of air seems agrees well with the observed data. It can be concluded,
that an almost linear air leak was present during SR3, with a leak rate of (2.03 £0.01) -
1077 ml/s/kg(LXe). Figures adopted from [64].

data and confirming the presence of an almost constant air leak between May 15, 2013 and
November 30, 2013. The slope of the fit then corresponds to the air leak size, and yields
(2.03 £ 0.01)-10~7 ml/s/kg(LXe). Note that the result is normalized to one kilogram of LXe.
This normalization is done for the radon rates, which are calculated for fiducial volume se-
lections of the inner TPC. This normalization might not be valid if extended to the total
amount of xenon filled to the detector during SR3. Taking the fact that the air leak was
localized in the purification loop at the recirculation pump, the radon from the external air
gets first dissolved in the LXe of the TPC, because the output of the loop directly pressurizes
the diving bell, as it can be seen in Figure (left). The process of mixing the xenon of the
TPC with the active LXe veto by diffusion through the interlocking PTFE panels might be
in the same order of the 222Rn half-life. Thus, homogeneity inside the total detector system
is not necessarily guaranteed.

On the contrary for a measurement with the RGMS it can be assumed, that it reflects the
krypton concentration of the complete detector system at the time of sample taking. This
is justified, as the krypton isotopes of interest for the RGMS measurements are stable and

do not decay before getting distributed homogeneously in the total xenon inventory of the
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experiment. The krypton measurements can then also be used for an estimate of the air leak
size. The information about the exact opening and closing of the leak obtained from the
radon rates are included. Therefore, in Figure the results SR3-1 and SR3-2 are averaged
and shifted to the approximate date of leak opening, May 15, 2013. The last result of SR3-4 is
shifted to November 30, 2013, the day the radon rate dropped back to the initial conditions.
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Figure 4.5.: Determination of the krypton concentration evolution during SR3. The RGMS
results are shifted such that they correspond to the correct dates of the air leak opened and
closed as indicated by the radon monitoring. Systematic offsets of the linear leak rate due to
systematic uncertainties in the RGMS measurements are estimated by the two interpolations
shown in gray.

The scenario of a linear increase in krypton concentration is supported by the fit resulting
in a leak rate of (5.9 + 0.1 (stat) & 1.0 (sys)) - 1077 ppt,/s. The leak rate and its statistical
uncertainty are derived by a linear fit to the RGMS results with their statistical errors only.
But, a relative offset of all RGMS results due to systematic uncertainties of the RGMS
measurements, for example an uncertainty in the calibration (ASTD), is still possible. In
order to account for such an overall offset, the systematic uncertainty of the fit is estimated
by two additional interpolations, considering a maximal positive or maximal negative offset
of all measurements.

The averaged krypton concentration of SR3 can then be determined by integrating the evo-
lution over time and dividing by the total runtime of the dataset. This yields (6.2 4+ 1.0) ppt,
which is lower than during SR2 and the lowest value achieved for a science run of the
XENON100 experiment so far.

In order to compare the result with the leak rate inferred from the radon rates, the above
value is converted to (8.8 + 1.5)-1078 ml/s/kg(LXe) by assuming the krypton to be distributed
homogeneously inside the 161 kg LXe and applying the known relative abundance of krypton
in air (Vky/Vair = 1.140 ppmv). This result deviates by a factor of r = (2.3 £0.4) from the

leak rate inferred by the radon concentration correlation. But as explained above, especially
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4.1. Monitoring the XENON100 experiment

for the case of radon, the homogeneity assumption is very critical. Considering that all radon
is only distributed inside the TPC and no radon reaches the LXe veto before decay a correction
factor of 161/62 kg/kg ~ 2.6 would have to be applied, bringing the leak rates inferred from
krypton and radon into very good agreement.

In any case, as long as the same amount of LXe is used in different science runs, the
correlation factor of r can be supposed to vary only slightly. This is supported by a similar
study of the impact of an air leak in regard of radon activity and krypton measurements
during an early commissioning run of the XENON100 experiment reported in [45] and [63]
and finding a correlation factor of ~ 2.

Hence, it is possible to perform a first order estimate of the krypton evolution during the
course of a run from the radon correlation and the well motivated correlation factor r if not
more than one krypton measurement is available. This is done for science run 2 (SR2).
In this run no abrupt increase in radon rate was observed. But, as discussed in [63], a
correlation between the external and internal radon activity concentrations could be found
as well, indicating the presence of a leak. The integration described in equation is
performed for the SR2 radon datasets and the result is converted into a comparable leak rate
of (5.6 = 1.0)-1078 ml/s/kg(LXe) by applying the correlating factor r. This is then translated
into a linear increase in krypton concentration, as shown in Figure anchored by the single

RGMS measurement available.
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Figure 4.6.: Estimate of the krypton concentration evolution during SR2. The RGMS result
anchors the linear increase assumed by the observation of a correlation between the radon
activity concentration outside and inside the XENON100 experiment. The relation between
air leak sizes inferred from krypton and radon measurements established during SR3 is used.

This result can be used for the search of a modulated signal rate with the XENON100
experiment [39]. The DAMA and CoGeNT experiments reported evidence for annual mod-
ulations of their signal rates [36] [38]. Such modulations could be present in the electronic

recoil signal of the XENON100 experiment as well. A detailed analysis searching for any
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modulated signal rate in XENON100 should therefore include the known evolution of the
background originating from 3Kr. Hence, the above calculated evolution of the 3Kr concen-
tration during the 225 live-days dataset is included in the likelihood function of the analysis
as a linear term influencing the observed electronic recoil signal rate. It thus minimizes any
systematic influence coming from a possible evolution of the krypton concentration. This
effect, however, is expected to be sub-dominant, which can be easily seen by comparing the
electronic recoil background index for the dark matter search region. An averaged concentra-
tion of (12 £ 2) ppt as inferred from the above krypton evolution during SR2, results in an
expected electronic recoil background rate of (0.047 + 0.08) mDRU (evts/kg/day/keV) with
the conversion from [45]. This is more than two orders of magnitude smaller than the total
background index of 5.3 mDRU reported for this run [25].

4.2. The performance of the XENON100 krypton distillation column

As already pointed out in section commercially available xenon is produced by fraction-
ated distillation of air. Because of their similar properties, krypton concentrations in the
order of ppm or ppb are still present in commercial xenon gas cylinders. In order to achieve
the background goals of XENON100 it was therefore decided to further clean the xenon by
distillation in a dedicated distillation column, similar to [50], and purchased from TATYO
NIPPON SANSO. Krypton in xenon measurements with the RGMS system allow detailed

investigations of the performance of the XENON100 distillation column.

The filling of the detector is usually done by passing the xenon through the distillation
column first, because recuperation from a previous science run and storage in the xenon bottles
might have reduced the krypton purity, making a distillation necessary. Between SR2 and
SR3 of the XENON100 experiment, three distillations were performed in order to guarantee
the xenon purity for SR3. The first distillation procedure was done between September 21,
2012, and October 1, 2012. One sample was drawn at the beginning of the distillation at
the column output (KC1-Out), measured already in [45], confirming that a very good purity
close to ~ 1 ppt krypton in xenon was achieved. A second sample was drawn at the end of the
procedure at the column input (KC1-In), measured during this work. The result is presented
in Table and yields (123 + 21) ppt. This confirms that the high purity achieved during
SR2 (~ 18 ppt at the end of the run, as seen in Figure has been lost. Recuperation and
storage seem to influence the xenon purity, especially in the presence of an air leak in the
gas system, as confirmed for SR2 in section At the end of recuperation no overpressure
prevents air leaking into the system and contaminating the residual xenon. The same effect is
observed after the end of SR3, shown in section The resulting purification yield of this
distillation run, which is defined as the ratio between the input and output concentrations, is
yp (KC1) = (130 £ 30).
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Name Sampling date "**Xe [ccmSTP] Kr/Xe [ppt]
KC1-In 01/10/2012 0.547 + 0.027 118 4 18tat £ 205ys
0.111 4+ 0.004 125 4 15tat £ 2715ys

0.341 4+ 0.004 125 4 15tat f 2715ys

123 + 21

KC1-Out 25/09/2012 0.700 +0.020  0.97 + 0.09%%% £+ 0.16%°
0.170 4+ 0.005 1.0 & 0.45%¢ 4 0.25vs

0.97 £+ 0.19

Table 4.2.: Results of the distillation performed between September 21, 2012 and Obcto-
ber 1, 2012. The output sample (KC1-Out) was drawn directly at the column output and
measured in [45]. The input sample (KC1-In) was drawn at the column input and measured
during this work. Combining the results gives a purification yield of y, (KC1) = (130 % 30).

After that distillation and filling of the detector a power outage and a subsequent pressure
increase inside the detector resulted in a rupture disk failure. This caused a loss of xenon. A
new xenon gas cylinder supplied by AirLiquide was then distilled on November 4, 2012. In
[45], a sample taken directly from the xenon gas cylinder (KC2-In) which was later on fed into
the column, was measured and resulted in (2.8 +0.5) ppb. A second sample was drawn at
the column output (KC2-Out) and yielded (7.0 + 1.7) ppt. This corresponds to a purification
yield of y, (KC2) = (390 + 120) [45].

A third distillation was then performed directly before the start of SR3. This time, only
the krypton concentration of the xenon inventory of the XENON100 detector is known, due
to a sample drawn from the gas system shortly after filling the detector. This sample was
already presented in section as SR3-1 with a result of (0.71 4 0.22) ppt.

The evolution of the krypton concentration during SR3 was already investigated in section
resulting in the characterization of the air leak, which was present during the course
of the run. For that reason, the xenon purity could not be kept at the very low level of the
beginning of the run. Thus, after SR3 another distillation run was performed, in order to
achieve a high purity for another science run (SR4). Thereby, one sample was drawn at the
input of the column coming from the storage bottles (KC3-In), which was already presented
as SR3-Rec in section It is summarized in Table [£.3] together with a sample taken at
the output of the column (KC3-Out) during this distillation.

Combining the two results the purification yield gets y, (KC3) = (40 & 10). Note, that the
result of the column output is the lowest result achieved so far with the XENON100 distillation
column, despite of the low purification yield. Additionally this sample was measured already
five days after sample taking and yielded a reproducible result. This shows that the RGMS
system is very fast in providing information about the current detector status if necessary,
although, as an off-line technique, it needs sample pipette preparation and shipment time.

The distillation run was however stopped as ~30 kg xenon were filled to the detector. This
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Name Sampling date "*Xe [ccmSTP] Kr/Xe [ppt]
KC3-In/SR3-Rec  10/02/2014 25.7 + 4.3
KC3-Out 06/02/2014 0.452 £0.016  0.66 & 0.09%% 4 0.115v®
1.36 £0.05 0.62 £ 0.015%t £ 0.1158

0.64 £+ 0.11

Table 4.3.: Results of the distillation process performed after the end of SR3. The input
sample (KC3-In/SR3-Rec) was already presented in section as its measured krypton
concentration corresponds to the xenon storage bottles. The output sample was taken at the
column output (KC3-Out) and combined this results in a purification yield of y, (KC3) =
(40 £ 10).

was done because the pressure increased more than expected during filling, which could be
an indication of the presence of contaminations like argon changing the vapor pressure of the
xenon. This was verified by the measurement of the sample SR4-Filll, drawn directly from
the XENON100 experiment, while only 30 kg of xenon were inside the detector. The result
presented in detail in Table [1.4] yielded the very high value of roughly 2 pbb. This confirmed
the hypothesis of ~91 air entering the system and contaminating the xenon during filling,
which caused the unexpected pressure behavior. That this excess in krypton concentration is
indeed coming from air, was verified during the RGMS measurement by the friction manome-
ter. The residual pressure observed dropped drastically after including the hot getter to the
procedure. As already pointed out during the measurement of SR3-ATTA, this is explained
by large quantities of nitrogen and oxygen removed by the hot getter. The observed pressure
drop directly can be translated to a krypton concentration of ~ 2 ppb by assuming the known

abundance of krypton in air and estimating the volume around the getter to be ~1 1.

Name Sampling date "**Xe [ccmSTP)] Kr/Xe [ppt]

SR4-Filll 12/02/2014 0.604 £ 0.021 2040 =4 105t £ 340"
0.509 £ 0.018 1990 4 105t 4 330%Y®

2015 + 335
SR4-Fill2 28/03/2014 2.124+0.07 1.36 £ 0.10%%a £ 0.23%Y®
1.4 +£ 0.3

Table 4.4.: The distillation KC3 was stopped after filling ~ 30 kg xenon into the detec-
tor, as the operating conditions got very unstable. A sample subsequently drawn from the
XENON100 gas system was measured during this work (SR4-Filll). The achieved purity of
another filling procedure was monitored with the sample SR4-Fill2. This filling was successful
providing the necessary conditions for another science run.

Subsequently to this measurement, the xenon already filled to the detector was again recu-
perated and a leak was indeed found at a flexible tube in the XENON100 gas system. With

new xenon added, another distillation was performed and successfully filled into the detec-
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4.2. The performance of the XENON100 krypton distillation column

tor. The krypton concentration was then determined by another sample (SR4-Fill2), which
verified a good achieved purity with (1.4 £+ 0.3) ppt.
All above RGMS results on the distillation performance of the XENON100 column are

summarized in Figure [£7] The performance of a distillation run is characterized by the

!
|
(KC2)

10 |

V. (KC1
o)

=
(=)
i

Column Output [ppt]
<
Purification Yield

C2-Qut i

CRA
OIS

1L 1 1 L i 1 !
10 Oct Dec Apr Jul Oct Dec Apr
2012 2012 2013 2013 2013 2013 2014

Figure 4.7.: Overview of the results of RGMS measurements assaying the performance
of the XENON100 distillation column. In blue the achieved purity at the output of the
krypton column for different distillation runs is shown. In red the purification yield y, for
the distillation runs, where as well a sample of the column input was available, is shown.
The achieved purity is close to ~ 1 ppt for four of the five assayed distillation procedures.
The second distillation run deviates from this result, as the initial concentration was much
higher.On the other hand, this run achieved the highest purification yield of y, (KC2) =
(390 + 120).

achieved xenon purity at the output of the column and the observed purification yield y,,
if a sample of the in- and output were drawn and analyzed with the RGMS. For four of
the five distillation runs presented here, the achieved purity was very close to ~ 1 ppt. The
distillation performed directly after SR3 reached the lowest krypton in xenon concentration of
the XENON100 experiment and a value so far unattained by other experiments, for example
see [50] [65]. Only the distillation of the xenon bottle supplied by AirLiquide resulted in
a bit higher value. But in this case the initial contamination was higher. During this run
the column achieved also its highest purification yield of y, = (390 & 120), which is lower
than the purification yield reported in [50] of y, ~ 1000 for a column similar to the one
of the XENON100 experiment. Moreover, the other two distillation runs with an available
measurement of the purification yield resulted in even lower values. This, however, could be
explained by the fact, that the achievable purity for the XENON100 column levels off at a
value close to ~ 1 ppt. The origin of this effect may be in either tiny air leaks that always
recontaminate the purified xenon inside the distillation column or in a breakdown of the
separation technique by distillation at the ppt-level (at least for the XENON100 distillation

column). On the other hand, it could originate also from the sampling and measurement
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4. RGMS results

procedures of the RGMS xenon assay. Residual and unknown background effects might result
in an achievable limit for the xenon assay not accounted in the theoretical determination of
the detection limit. This possibility is investigated in the next section, together with the
presentation of assay results of the XENON1T demonstrator column, showing a measurement

of a so far unprecedented xenon purity.

4.3. Xenon assay at the ppq level: The XENON1T distillation column

The design goal for XENON1T is to reach a krypton concentration lower or equal to 200 ppq.
In the first place it has to be demonstrated that such purities can be achieved by cryo-
genic distillation. Neglecting the possibility that the XENON100 distillation column already
achieved its purity limit, it is not suitable for XENON1T because of another reason: The total
161 kg xenon inventory of XENON100 can be cleaned at a standard flux of 1.8 SLPM in a
couple of days. But this procedure would take months for one distillation process of the com-
plete 3.3 t xenon inventory of XENON1T experiment. Therefore, the commercially purchased
XENON100 distillation column cannot be used for the XENON1T experiment. Thus, it was
decided to built a new column by the Miinster group of the XENON collaboration.

In a phased approach a first demonstrator column with 1 m of package material was built,
which is easily scaled up to 3 m, in order to reach a higher purification yield. The column is
designed for a xenon flux of 16 SLPM in order to perform distillation runs at the XENON1T
experiment on reasonable timescales. The completion of the demonstrator distillation column
designed for the use in XENON1T [61] and first successful tests offered the possibility of taking
ultra pure xenon samples with so far unprecedented low concentrations. As shown in section
the RGMS system is theoretically able to detect krypton concentrations of a few ppq.
The test of the demonstrator column could give the opportunity to test the RGMS system
in the ppg-regime, verifying that an assay of such low concentrations is even feasible for the
existing set-up.

In order to be able to perform a krypton measurement expected at the sensitivity limit
of the RGMS, several prerequisites were necessary. It had to be proofed that the measured
signal indeed comes from the krypton concentration of the sample and is not an residual
background effect not accounted for in the measurement of the procedure blank.

First, the standard procedure blank does not include all volumes which might contribute
in the measurement of a batch. Figure (left) shows the sample extraction ports of the
gas-chromatographic set-up, explained in section [3.1.2 The gas from the sample pipette is
usually extracted by expanding it to the three extraction volumes Vg1, Vero and Veges.
The expansion subsequently reduces the batch into an amount which can be processed by
the gas-chromatographic set-up (in the order of few ccmSTP). During a standard procedure

blank measurement only the extraction volumes V¢;o and V3 are frozen to the separating
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Figure 4.8.: (left) Sample preparation part of the gas-chromatographic set-up. The batch is
extracted from the pipette by three extraction volumes, V412,53, which are used to divide the
sample by expansion in order to achieve adequate batch sizes. (right) Results of procedure
blank measurements. The first two results contain the extraction volume V..;1 as well and
show the evolution after sample mounting on 28/02/2014. The averaged standard procedure
blank, which only includes Vg2 3 is shown as well.

column (T2). The extraction into Vg is performed very fast and still results in overpressure
inside this volume, which reduces the impact of tiny air leaks in that part drastically. Thus
the influence of this volume to the background of a measurement is supposed to be of minor
impact. On the other hand, this volume is unavoidable exposed to air each time a new sample
pipette is mounted to the system. Krypton from the air could stick to the stainless steel tube
surfaces and could later on get dissolved into the sample. Therefore, the contribution of the
extraction volume V.1 was studied before the ultra pure xenon assay by the measurements of
two procedure blanks including Vey:1. The results are shown in Figure (right). A reduction
of the blank measurements towards the standard procedure blank value is observed between
a measurement directly performed after mounting the pipette to the system and another

measurement performed after three days of pumping and baking the extraction volume Vg1.

The second effect might be a background originating from the sample pipettes. The stan-
dard sample containers, shown in Figure|3.3] are enclosed by fully metal sealed stainless steel
valves which could have non-negligible internal leak rates. In the standard filling and assay
procedure the valves are closed with a torque wrench set to 4.5 Nm. It is ensured that the
leak rate for the valves used and closed with this torque is less than the sensitivity of a stan-
dard helium leak detector. The residual internal leak rates therefore should be dominated by
diffusive effects with leak rates < 107!2 mbar - 1,4 /s. The innermost volume of the standard
sample pipette is always protected in each direction by two fully metal sealed valves and one
buffer volume filled as well with ultra pure xenon. Hence, if batches of all three sub-volumes
are processed an observed gradient would imply internally leaking valves, as the krypton
concentrations of the outer volumes would increase first and on a much shorter timescale

compared to the impact on the innermost volume. The result of the inner sub-volume should
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4. RGMS results

therefore be completely unbiased by internal leaking valves on the sensitivity level of the
RGMS.

The effect of krypton implantation of the pipette surfaces might be more dominant: Like
the pipette port volume V.1, the sampling container itself could trap krypton traces in the
stainless steel surfaces, if it has been exposed to a highly contaminated sample or air before.
This would lead to contaminations due to outgassing effects, which would increase the krypton
concentration of the sample filled into the container by dissolving the residual krypton from
the walls.

An estimate of the backgrounds from the sample containers was done by measuring the
blanks of the pipettes after pumping and baking them in advance and then closing the pipettes
for a couple of days. In order to increase the sensitivity, only the two outer valves of the
investigated pipettes were closed, resulting thus in blank results for the complete pipette
volume. Division by three might thus only be an upper limit for the innermost volume,
because it is protected further against internally leaking valves, as explained above. Three
pipettes were examined in that way together with one blank measurement of all connecting
and contributing volumes in advance. The results are shown in Table and show a clear

dependence on the time which was used for the pipette preparation. Intense pumping and

Pipette  pipette preparation natKr 10712 ccemSTP)
PipNo 9 16 days pumping and baking < 0.007 at 90 % C.L.
PipNo 8 16 days pumping and baking (0.026 £ 0.008)
PipNo 5 1 day pumping and baking (0.29 £ 0.01)

Table 4.5.: Measurements of the background contributions of the sample pipettes. The
pipettes were pumped and baked over different time periods, before gas was accumulated
over 4 days inside the closed pipette, but no normalization is done for that timescale. This
is due to the fact that the origins of these background effects, for example outgassing from
the inner surfaces might not be linear in time.

baking over 2 weeks ensures a background contribution from the sample containers to be
in the order of the minimal detectable amount of krypton by the RGMS. A short sample
preparation however results in a background not any more negligible for measurements in the
ppg-regime.

Due to these results, PipNo 9 and PipNo 8 were used for the sample taking on February 27,
2014, during a test run of the XENON1T distillation column. The run was performed at a flux
of 8 SLPM. The sample pipettes were already mounted two days in advance to the system,
in order to have enough time to pump and bake the connecting tubes which were exposed to
air while mounting. It was possible to draw two samples independently, one from the column
output (MS-LiquidOut) filled into PipNo 9 (lowest background) and one from the column
input (MS-InGas) filled into PipNo 8. The filling pressure was ~ 1.7 bar, corresponding to

the operating pressure inside the column. The sample MS-LiquidOut was mounted the next
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4.3. Xenon assay at the ppq level: The XENON1T distillation column

day to the RGMS, and subsequently measured six times, after verifying that the background
originating from the connection tubes exposed to air while mounting was sufficiently low.
The results are presented in Table together with the results for the sample MS-InGas.

First it gets obvious, that the results of the different batches fluctuate much stronger than for

Name Sampling date "#Xe [ccmSTP] Kr/Xe [ppt]

MS-LiquidOut ~ 27/02/2014 2.24 £0.08 0.008 4 0.005%2* 4 (0.001%®
2.09+£0.07 0.024 + 0.00652* £ 0.004%Y
2.85+0.10 0.015 + 0.0045%2 £ 0.003%Y®
1.22 +0.05 0.013 £ 0.0075%* £ 0.003%Y*

0.234 £ 0.008 < 0.050 at 90% C.L.

1.73 £ 0.06 0.028 + 0.00552 £+ 0.005%*

0.018 £+ 0.005

MS-InGas 27/02/2013 0.636 £+ 0.022 133 4 25tat  99sys
1.96 + 0.07 143 £ 15%at 4 245vs

1.12 4+ 0.04 131 £ 15tat  298vs

136 + 22

Table 4.6.: Measurements of the sample drawn at the Miinster demonstrator column. For
MS-LiquidOut the statistical variations were much higher than usual. This could be an
indication that the measurement of the sample is highly influenced by systematics. MS-
InGas shows the very high stability of measurements in the ppt-regime. Combining the results
regardless of possible systematic effects in the ppg-regime would result in a purification yield
of y, = (7500 £ 2500).

samples assayed in the ppt-regime as presented in section [{.1.1] The standard deviation for
a single measurement calculated from the results of Table is in the order of ~40 %, much
higher than the averaged value of 2.9 % obtained in section for measurements in the
ppt-regime. But still three of the five measurements with a non-zero result agree within 1o
considering the much higher statistical uncertainties of the individual measurements. Since
all measurements were already very close to the detection limit of the mass spectrometer, the
estimate for the pedestal size gets dominated by the limited ion counting statistics as shown
in section [3:2.2 and illustrated in Figure [3.9] This explains the stronger deviations for the
individual outcomes.

But such variations could be as well a first hint, that the measurements taken in the
ppg-regime are much more dominated by systematic effects, which are negligible for mea-
surements in the ppt-regime. As already seen by the examination of the background effects
originating from the sample pipettes and the connecting tubes, krypton contributions of few
1071% ccmSTP are present due to effects such as krypton implantation on stainless steel sur-
faces. These effects might be as well more dominant for the measurements of Table as
for the assay of six different batches it was necessary to store gas over longer time periods (~

few days) in the extraction volumes Vg1 2,3. Enriching residual krypton concentrations from
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the walls could then lead to the observed variations. This could especially be the case for the
upward fluctuations of the second and sixth measurement, where the assayed xenon batch was
stored in the extraction volumes over time periods of several days before the measurement.

Although the five non-zero measurements of Table agree very well considering their
high statistical uncertainties, the result is quoted as an upper limit of < 26 ppq at 90 % C.L.,
when referring to the initial sample concentration. This is more conservative as the systematic
effects causing the non-zero result are not fully understood. Further investigations at such low
krypton concentrations are planned and will increase the comprehension of the RGMS system
in the ppg-regime. It has to be underlined that this is the cleanest xenon sample in regard
of krypton concentration assayed so far. It showed in principle that the RGMS system can
measure such low quantities. Furthermore, the fifth measurement was on purpose performed
with a lower amount of xenon, in order to achieve a result comparable with the procedure
blank. An upper limit of < 0.012 ccmSTP "#'Kr at 90 % C.L. is found, comparable to the
procedure blank of (0.013 & 0.003) ccmSTP "#*Kr. This assures that using procedure blanks
as an estimate for the background is a valid approach.

The measurement of the sample MS-InGas showed a very stable outcome, as typical for
RGMS measurements in the ppt-regime. The results are as well presented in Table [£.6] and
yield (136 & 22) ppt. A lower limit for the purification yield of the XENON1T demonstrator
column is calculated, as only the upper limit for the output sample is considered in order to be
conservative. Therefore the purification yield is calculated using the original results of Table
and a lower limit is constructed, resulting in y, > 4500 at 90 % C.L. This is more than
a factor ten higher than the best purification yield achieved with the XENON100 distillation
column, see section [4.2]

These results clearly indicate, that both the purification system and the equally important
off-line analytics system can face the requirements of the XENON1T experiment in regard of
the 8°Kr background.
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5. In situ analysis of %Kr in XENON100

85Kr is a serious internal background source in the XENON direct dark matter detection ex-
periments as discussed in section Its dominant 8 decay remains indistinguishable from
other electronic recoils of the same energy range and moreover it is distributed homogeneously
inside the LXe and cannot be reduced by a fiducialization of the active target volume. An
off-line determination of the krypton concentration using gas-chromatography and mass spec-
trometry is shown in chapter [3] but needs careful sampling and a sophisticated measurement
procedure. A direct observation of 8°Kr decays is however possible via the secondary decay
branch shown in Figure Within this branch ®°Kr decays to the metastable ®Rb by
a f[-decay with the endpoint energy of 173.4 keV. This metastable state has a half-life of
t1/2 = 1.01 ps (lifetime 7 = ¢1/5/In2 = 1.46 ps) and subsequently decays into 85Rb with
the emission of a 514 keV ~ [48]. This clear signature allows an in-situ analysis of krypton
concentrations using the existing XENON100 detector despite of the tiny branching ratio of
BR = 0.043 % and the associated loss in statistics.

During this Master thesis a detailed ®Kr analysis of the XENON100 data is carried out,
improving previous analyses by specifying systematics and increasing accuracy in setting the
event selection cuts. The results can be used for a comparison with the off-line analytics
performed with the RGMS set-up.

The following chapter first focuses on the basic principles of the XENON100 data analysis
in section and then continue by explaining data quality and selection cuts for the krypton
analysis. This is followed by section where the 100 live-days first science run (SR1) [24]
is used for tuning the analysis due to the higher krypton level at that time. This is followed
by the results of the second science run (SR2), leading to the 225 live-days publication [25]
and the most recent and third science run (SR3) with a corresponding analysis in progress at

the time of writing.

5.1. The XENON100 data analysis

5.1.1. Data acquisition and raw data processing

The observational data of the XENON100O experiment consist of the waveforms of the 242
PMTs employed in the dual-phase TPC and the active LXe veto. The signals of the PMTs
are amplified and fed to flash analog-to-digital-converters (FADCs) with a sampling rate of
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100 MHz and 14 bit resolution. On-board field programmable gate arrays (FPGAs) allow
a suppression of baseline-only digitization (zero-length-encoding). Events are recorded if a
trigger signal is present, which is generated by combining signals of 68 top and 16 central
bottom PMTs. It was improved between SR1 and SR2 [24] [25] by the application of a
hardware majority condition admitting only signals where a specified number of PMTs exceed
a threshold of ~ 0.5 photo-electrons (PE). This reduced the trigger threshold of 300 PE down
to 150 PE keeping a >99 % trigger efficiency. In a time window of 400 us around the trigger
signal, the waveform is recorded by the FADCs and stored on disc in a dedicated file format.
This time window is more than twice as large as the maximum drift time of electrons over
the hole size of the TPC which is 176 us at the used drift field of 0.53 kV /cm.

The stored waveforms are processed with a ROOT [66] based data processor extracting the
physical quantities out of the summed waveforms. The first step is the identification of peaks
on the recorded waveform with a peak finding algorithm, for details see [20]. S1 and S2 signals
(see section for clarification) are distinguished by their pulse width, because S2 signals
are expected to be broadened due to the secondary scintillation process and the diffusion of
the electron cloud during drift. S1 peaks after the S2 are not identified because single electron
signals and PMT afterpulses are more dominant in that part of the waveform. The raw data
processor then extracts the physical quantities of the peaks, such as the integral, position in
the waveform, coincidence level and peak width. In a third step the integrated peak signals
are converted into the commonly used unit of PE using the individual PMT gains measured
with weekly LED calibrations.

Afterwards the position reconstruction is performed for each event and S2 peak: the dis-
tance between the S1 and the corresponding S2 in the waveform is converted via the known
electron drift velocity into a z-position, by convention a value < 0. The (z,y)-reconstruction
is done differently: the S2 PMT hit pattern of the top array is highly clustered due to the
secondary scintillation located very close to the top PMT array. This specific hit pattern is
fed to different position reconstruction algorithms: A y2-analysis, a support vector machine
and a neural network. All of them were trained by the comparison with Monte Carlo simu-
lations. Here the neural network gave best results and thus it is used in standard operation,
for details see [67].

The last action of the raw data processor is the application of signal corrections, in order to
account for distortions of the detector response. First the z-position has to be corrected for
electrical field inhomogeneities, occurring at the bottom edge of the TPC and quantified by
detailed electrical field simulations. Then a (z,y, z)-dependent correction on the S1 and S2
signals are performed individually, as light and charge registered by the XENON100 detector
depend on the vertex position. The prompt scintillation light S1 reaching the PMT arrays is a
function of the solid angle towards the vertex position, the reflection probability at the PTFE

walls, the attenuation by Rayleigh scattering, the transmission at the electric field meshes
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and the different quantum efficiencies of the PMTs. These effects cause a variation of the
detector response to a given energy deposition up to a factor of 3. A (r, 2)-2D light collection
efficiency (LCE) map is derived from calibration sources and shown in Figure Axial
symmetry of the detector response is confirmed by the comparison of calibration data taken
at different source positions around the detector [23]. The application of such a correction

map on the raw data leads to uniform response of the TPC in regard to S1 signal strength.
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Figure 5.1.: The 3D light collection efficiency map for the S1 signal derived from the 40
keV v inelastic neutron scattering line obtained with a 24! AmBe calibration source. The
same map is as well derived for 662 keV ~ rays of a 137Cs source and the 164 keV v neutron
activation line of 131™Xe. Axial symmetry is confirmed by comparison of 137Cs data taken
at three different source positions. Figure taken from [23].

Similar to the S1 signal, the secondary scintillation light S2 has as well a position de-
pendence. A z-correction is needed, because the electron drift is strongly suppressed by
electronegative impurities of the LXe inside the TPC. The electrons get attached to the im-
purities and the charge signals therefore depend exponentially on the time the electron cloud
had to be drifted through the TPC. Hence, the S2 signal is corrected by the exponential law
exp(t/7e) where 7, is the electron lifetime determined with the charge signal of the 137Cs
full absorption peak and ¢ the measured drift time of the event. Furthermore the S2 signal is
affected by differences in gas gap size due to mesh wrapping and thus different gain factors for
the production of the secondary scintillation light. This is corrected via a (z,y)-2D correction
map. With all these signal corrections applied, the corrected and the uncorrected values are

available in ROOT data files and can be used for analysis.

5.1.2. Detector calibration and energy scales

For detector comprehension one step is still missing: energy scales relating S1 and S2 signals in
terms of PE to the recoil energy in keV. This is absolutely mandatory for any interpretation of

observed events. In order to access these quantities radioactive calibration sources are used,
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5. In situ analysis of 8 Kr in XENON100

which can be placed very close to the detector by a tube through the shielding materials.
137Cs, 7Co, 0Co and 232Th sources are used for v calibrations with different purposes. The
662 keV line of 137Cs provides information about spatial dependences of the detector response,
as explained in the previous section. The low energy Compton tail of the high energy lines of
60Co and 232Th defines the electronic recoil background region in the discrimination parameter
space log;, % The nuclear recoil acceptance region is obtained by a 242AmBe neutron source.
This source additionally provides subsequent neutron induced -y lines in the LXe at 40, 80 and
164 keV with the additional advantage of giving a low energy calibration in the total TPC
volume, as the LXe itself gets activated. Other external v ray sources of that energy regime
cannot penetrate deep enough into the LXe due to its high self-shielding capacity. The use
of internal sources, mixed with the LXe and decaying in a sufficiently short enough half-life

in order to not contaminate the detector is in discussion for XENON1T.

The energy scales are distinct for the S1 and the S2 signal but moreover depend on the
interaction types: nuclear and electronic recoils share different ratios of the excitation channels
available for a given energy deposition in the LXe, as explained in chapter and [27].

For the S1 signal the light yield £, of a given electronic recoil interaction relates the
signal in PE to the corresponding energy deposition in units of keV. For electronic recoils the
interpolation between the different measurement points of the available energy calibration
lines is done using the semi-empirical NEST-model [68]. In Figure the predictions of
the model for the number of produced photons per keV depending on the incident particle
energy is plotted. Historically motivated, but unfortunately not accessible in the XENON100
experiment due to the high self-shielding capacity of the LXe is the 5" Co 122 keV reference
~ line. It is thus inferred from the low energy calibration measurements and the model
predictions. Moreover it is used to compare different conditions in the different science runs,
as the light yield depends on changing parameters such as the residual water concentration
in the LXe. Once the light yield dependence of the NEST-model is anchored by the detector
response and thus to the specific set-up conditions the S1 energy scale is completely defined.
The same procedure holds for the charge signal S2 and the S2 amplification, correlating the
signals in PE of an S2 peak into an electronic recoil energy deposition in keV. In a first
order approach the production of light and charge can even be assumed to be completely

anti-correlated.

The standard WIMP analysis searches for nuclear recoils and only uses the more precisely
known S1 energy scale. It is obtained by relating the observed signal to the 122 keV 5"Co
reference ~-line. This is done by the relative scintillation yield L.;; as shown in equation
with the additional field quenching factors S, and S,,. L.y is taken from measurements
performed in external set-ups or detailed analyses of the available XENON100 data as reported
in [63] [70] [7I]. The different measurement points are interpolated but still the region of

nuclear recoil energies below 3 keV is not accessible. The uncertainties of this parameter were
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Figure 5.2.: (Left) The NEST prediction for the production of photons due to 7 inter-
actions in LXe. The different lines correspond to different drift fields applied to the LXe,
as field strength diminishes the recombination probability of created electron-ion pairs and
thus decreases the light yield. (Right) The prediction of the model for 5 interactions. Note
the slight differences due to electronic shell effects, even though both interactions undergo
electronic recoils. Figure taken from [69].

accounted for in the profile likelihood analysis performed to obtain the dark matter search
results presented in [24] and [25]. Although only the S1 nuclear recoil energy scale is used
in the standard dark matter search analysis, as well a S2 energy scale can be derived by
measurements of the charge yield for nuclear recoils, which is in a first order approximation

also completely anti-correlated to the S1 signal.

S1

B Se
" L (Bnr) - Ly (122keV ) Sy,

(5.1)

5.2. Selection of ®Kr events

In the 8°Kr decay scheme shown in Figure it can be seen that the branch with the
delayed coincidence pattern has a timescale of 7 = 1.46 us. As this lifetime is two orders of
magnitude lower than the total recorded time of one event, the signature of two distinct S1
peaks and the corresponding charge signals should be visible in the same waveform. Therefore
selection criteria considering the time requirement and the signal sizes of the corresponding
events are applied. Additionally it should be validated that neither of the two interactions
subsequently recorded is induced by noise or uncorrelated energy deposition. Therefore this
section will begin with the introduction of several data quality cuts providing a clean sample

of events.
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5. In situ analysis of 8 Kr in XENON100

5.2.1. Data quality criteria

First electronic noise is removed very efficiently by a small set of basic cuts described in the
following. A condition on the coincidence level of an identified S1 peak is imposed. The cut
requires the signal to consist of at least 2 PMTs exceeding the threshold of 0.35 PE in a 20 ns
time window and neither of them is known to have a huge dark rate or is a turned off PMT
channel. Details can be found in [47]. As this cut is designed for the use in single scatter
dark matter searches, it only verifies the above condition for the largest S1 peak found in
the waveform. A second cut with the same condition but imposed on the second largest S1,
which should correspond to the S-interaction, is set for this analysis.

The second data quality condition for the S1 peaks is a cut on the width of the peak, which
is defined between the left and right boundary at 10 % of the total peak height. Events with
very small widths are likely to be noise events, as downward fluctuations of the baseline lower
the width of the peak and therefore are efficiently rejected by this cut, details in [47]. Similar
to the S1 coincidence condition, this cut is as well adopted for the use in this analysis to work
on the second largest S1 signal.

For SR2 and SR3 an entropy value for each peak is defined in order to remove noise more
efficiently. This cut is also adopted for the second largest S1 and used in the results of SR2
and SR3 in order to improve noise rejection.

The expected signal will consist of two subsequent S1 peaks and corresponding charge
signals. Single scatter event cuts which are used to identify WIMP interactions in the standard
dark matter analyses cannot be applied in this analysis due to the expected signature of two
subsequent decays in the waveform. Furthermore the largest S2 peak might be an overlap
of the two expected signals. This is due to the fact that the 514 keV ~ which is emitted at
approximately the same position as the § interaction vertex has a mean free path of ~ 3.5 cm
in LXe [72]. Thus, it is possible, that the difference in z-position of the two interactions is not
large enough to be resolved as two S2 peaks in the waveform. The application on any cuts
using the physical quantities extracted of the S2 peaks may therefore not have a well defined
acceptance. This implies, that cuts searching for a high signal-to-noise ratio or asymmetries
between the signal detected by the top or bottom PMT array are not applied in this analysis.
On the S2 peak only one condition is imposed: It has to be verified that at least the largest S2
is above the trigger threshold of 300 PE for SR1 and 150 PE for SR2 and SR3. This verifies
that at least one true S2 peak is present in the waveform as the trigger can be released by large
S1 peaks as well and this analysis mainly will deal with such cases. It is not applied on the
second largest S2, which is just not always expected to be present in the recored waveforms
of 85Kr delayed coincidence events.

In order to guarantee that the observed signature is not due to an uncorrelated energy
deposition in the TPC, a veto condition is applied. The LXe active veto observed by 62

PMTs should not coincide with a signal in the inner TPC volume. Events with an energy
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5.2. Selection of 8°Kr events

deposition >0.35 PE in the active veto around a given S1 peak are therefore rejected.

The acceptances of the cuts used in this analysis are exactly evaluated in [47] in terms of
possible WIMP signals. The veto cut has the very high acceptance of ~ 99.5 % independent
of the observed signal inside the TPC. The coincidence condition has an acceptance of > 99 %
for signals above 10 PE and the S1 width cut > 99.9 % above 6 PE. The cuts tuned on the
second largest S1 are assumed to have the same acceptance. In the frame of this study a
total acceptance of the data quality conditions of > 99 % can therefore be assumed as by
far the most expected 8°Kr events will have high S1 signals for the v and the /3 interaction.

Therefore the acceptance loss in the few PE region of the above cuts will be of minor impact.

5.2.2. 85Kr selection cuts

After ensuring that observed events are not induced by noise or correlated to energy deposition
in the active LXe veto, 3Kr events can be tagged. Three conditions are used: first, a timing
condition verifying that the time distance is in the order of 7 = 1.46 us between the  and
the subsequent  interaction. Second, cuts on the S1 energy for the 514 keV « on the largest
S1 signal and for the -decay with 173.4 keV endpoint energy on the second largest S1 are
imposed. The waveform of such a typical 3Kr event of SR1 is shown in Figure
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Figure 5.3.: The summed waveform registered by the raw data processor of the XENON100
experiment of a typical 8 Kr delayed coincidence event. The lower S1 signal corresponding to
the 8 decay is followed on atypical timescale of 7 = 1.46 us by a higher S1 signal corresponding
to the ~ interaction.

The clear signature of the delayed coincidence branch of 8°Kr gives the possibility of an
almost background-free measurement. But in the decay chain of 232Th the isotope 22°Rn
appears with the short half-life of ~1 minute. In the subsequent decays, a BiPo-coincidence
can be found, as shown in Figure (left): a B-emission from 2'2Bi into 2'2Po with endpoint
energy of 2254 keV and a delayed a-decay within a half-life of ¢, ;, = 0.3 us, very similar to the
one of ®™Rb. In general, the a-decay with its energy of ~8.78 MeV should be distinct from
the 514 keV + in energy, but effects as incomplete energy deposition inside the active LXe can
reduce the energy measured by the XENON100 detector. This can for example happen at the
edges of the TPC, when the a gets implanted to the PTFE walls and is not fully stopped in

the LXe. Such effects would then lead to misidentified ®*Kr events. The same argumentation
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5. In situ analysis of 8 Kr in XENON100

holds for the BiPo-coincidence of the 23*U decay chain, see Figure (right), where the
radon isotope ?2?Rn appears. This BiPo-coincidence as well has the signature of a  and
subsequent « decay, but with the intermediate half-life of ¢, , = 164 pus. Both radon isotopes
are dissolved in the LXe of the XENON100 experiment due to emanation from detector walls,
or in the case of 2?2Rn, as well due to the possible diffusion through tiny air leaks from the
outside air, as shown in section [4.1.2] Therefore both BiPo-coincidences of the radon decay
chains have to be considered as a possible background source in the detection of delayed 3 Kr

coincidences.

The delay condition is set to a time window from 0.5 to 4.9 us in which two S1 signals have
to be registered. The lower threshold is chosen such that possible background from ??°Rn is
minimized by keeping a highest possible acceptance. But due to the very similar half-lives, a
complete avoidance of this background is very difficult. The upper threshold ensures that the
cut includes three lifetimes of the ®™Rb 7-decay. Extending the cut to more lifetimes would
not have increased the acceptance drastically but on the other hand would rise the possibility
of picking up background originating from 2?2Rn-decays. The acceptance of the cut can be

calculated analytically to

4.9
_ Jos exp(—t/T)dt
ar = S oxp (/) dt 67.5% . (5.2)

The energy conditions on the selection of the largest and second largest S1 peaks have
to take into account the finite energy resolution of the XENON100 detector. As a physical
device any energy deposition is subject to statistical fluctuations and therefore the energy
distribution is smeared out. The resolution measured during SR1 with different « calibration
lines explained in section [5.1.2]is shown in Figure[5.4] As the resolution only changed slightly
during the different runs, the values of 11.9 % for a 514 keV ~ and 13.1 % for a 173.4 keV 3

are kept for the complete analysis.

The energy spectrum of the 8 decay is expected to follow the distribution shown in Figure
(left) given by a GEANT4 [73] simulation. As the spectrum decreases with increasing
energy, 20 of the detector resolution added to the endpoint energy should yield no loss in
acceptance anymore. The lower cut threshold is set to 5 PE which translates to an energy
deposition of approximately 2 keV as derived in [35]. A systematic error of the cut accep-
tance is determined by assuming another spectral shape (box-like to presume a very different
underlying model as shown in Figure (left)) and varying the lower threshold. This yields
ag=(99.9+1.1) %.

For the v condition, a 30 region in resolution is used in order to achieve a high acceptance.
The cut thresholds still depend on the specific light yield at 514 keV which might be distinct
for the different datasets. Therefore the systematic uncertainty of this cut acceptance is

derived by comparing different assumptions for the light yield, either with the underlying
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Figure 5.4.: The energy resolution of the XENON100 detector determined via several cali-
bration ~-lines for SR1. The functional dependences of the best fit results are shown for the
S1, S2 and combined energy scale. Figure from [23].

NEST-model or with a direct determination on SR1 data, as shown in Figure (right)
and in detail explained in section The acceptance yields a, = (99.7 +2.7) %. All ®Kr

delayed coincidence selection criteria are summarized in Table [5.1]

Cut Definition Acceptance
Data Quality Cuts >99 %
Delay Cut 0.5 < time difference < 4.9 67.5 %
B Cut 5 < corrected largest S1 < 219 - yield (99.9+1.1) %
v Cut 330 - yield < corrected 2" largest S1 < 698 - yield (99.7 +2.7) %

Table 5.1.: Summary of the used cuts in order to identify valid 8°Kr events. Their accep-
tances together with their systematic errors are shown as well.

5.3. Calibration of the analysis method on science run 1 (SR1) data

The dataset of the 100 live-days publication [24] is used for a first approach in this analysis.
This is due to the fact, that a higher krypton level inside the detector was observed as a
result of a leak during maintenance work at the gas system previous to the start of the run.
In [52] the krypton concentration of this run was measured to be (340 £ 60) ppt by mass
spectrometry with the set-up described in chapter [3, The comparison of the spectral shape
with Monte Carlo background simulations supported this result with a value of (350 & 50) ppt
[47]. This leads to the expectation of approximately 150 3Kr delayed coincidence events inside
the complete 62 kg LXe of the TPC over the life-time of this science run. SR1 gives therefore

a possibility to test this analysis in conditions were sufficient statistics are available and an
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Figure 5.5.: (Left) The energy spectrum of the expected -decay with an endpoint energy
of 173.4 keV as given by a GEANT4 [73] simulation. The cut thresholds are shown in orange
and the gray dashed line represents the spectral shape assumed for a determination of the
systematic uncertainty. (Right) The energy distribution of the corrected largest S1 after
application of a delay and a 8 condition inside the total TPC volume. The observed peak
structure close to the expected value of the 514 keV ~ full absorption peak is fitted with a
gaussian function and an assumed linear background. The gray dashed line represents the
expectation of the NEST model which is used for an estimate of the systematic uncertainty
of the cut acceptance.

evaluation of the influence of the selection cuts on real data can be done. This offers the

opportunity to specify the systematic effects of this analysis.

5.3.1. SR1 light yield

The first step is the definition of the selection cuts, mainly the definition of the light yield
for the expected v and 8 signals. The reference light yield for the 122 keV 57Co line is used
to anchor the NEST model, as explained in section [5.1.2] The value for this reference light
yield was reevaluated by the XENON collaboration and yields £, (122keV v) = (2.09 £ 0.04)
PE/keV. Using the latest version of the NEST-model [69] the light yield at a given drift field
of 0.5 kV/cm for a 173.4 keV [ interaction and a 514 keV ~ interaction can be read out from
Figure This yields by chance for both the same value of £, (173keV ) = L, (514 keV ) =
(1.68 £ 0.08) PE/keV.

With this light yield the £ cut is set in terms of PE and a crosscheck of the NEST results
with the observed data can be performed. The delay and the 8 condition are applied to the
SR1 data first. A peak structure in the spectrum of the largest S1 close to the expected
value of 860 PE as shown in Figure (right) can be observed. A gaussian fit to the
peak including an unknown but linear background contribution from either 2?°Rn BiPo-
or random-coincidences, results in a light yield of £, (514keV~y) = (1.86 £+ 0.04) PE/keV,
slightly higher than the result of the NEST model. This deviation might have its explanation
in possible scatters of the 514 keV . Compton scattering followed by the absorption of the ~

is unresolvable in S1 as the time difference of these two signals is smaller than the sampling
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5.3. Calibration of the analysis method on science run 1 (SR1) data

time of the FADCs. The combined light yield of these two interactions might be higher, which
can be seen in Figure (left). As no single scatter cuts can be applied in this analysis, such
a verification of this effect would require a full Monte-Carlo simulation. But for the intention
of this analysis it is sufficient to use the modified and slightly higher light yield of the direct
measurement performed in Figure (right). But, as already explained in section this
deviation in light yield is taken into account in a systematic error on the cut acceptance. This
is done by calculating the acceptance of the used cut assuming the lower light yield predicted
from the NEST-model.

5.3.2. The observed event distribution

The above defined cuts are now applied to the dataset. The averaged krypton concentration

can then be calculated using equation (5.3):

nat iy [mol} #selected events - My,

- = 5.3
Xe Ny - (8Kr /22t Kr) - T - X+ aeomp - BR - mixe (5:3)

mol

with N, the avogadro number, (85Kr/ natKr) the measured isotope abundance at LNGS, T
the lifetime of the run, A the decay probability of 0.000176 decays/day, acomp = (67 £2) %
the combined selection cut acceptance, BR the branching ratio of the delayed coincidence
decay mode, mx. the xenon mass considered for the analysis and Mx. the molar mass of
xXenon.

Different fiducial volume cuts are applied in order to obtain information about spatial
homogeneity and possible edge effects. The 48 kg fiducial volume used in [24] and the 34
kg fiducial volume used in [25] as well as the total TPC volume consisting of 62 kg LXe
are evaluated. The spatial distribution of the events is shown in Figure [5.6, which is very
homogeneous within statistical fluctuations. The results of the two different fiducial volumes
differ only slightly and agree within their statistical uncertainties as well. Data corrections,
cuts and acceptances could be different for the outermost regions of the TPC, as the detector
is still not fully characterized and understood in this region. Thus, the results considering
the total TPC volume should be taken more carefully.

This event selection is now used to crosscheck the analysis. In Figure (left) the time
difference between the largest and second largest S1 is plotted for all the selected event of
the total TPC volume, which should follow an exponential decay with the time constant
7 = 1.46 ps [48]. The fit yields (1.3 £0.2) us which is in very good agreement with the
expectation. Furthermore in Figure (right) the energy distributions in PE of the largest
and second largest S1 are shown for the selected events. As expected, the shape of the
decay spectrum of Figure (left) and the gaussian type of the 514 keV ~ peak are observed
within statistical fluctuations.

Possible systematic influences are checked as well. Already mentioned in section [5.2.2
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Figure 5.6.: (Left) The observed event distribution inside the XENON100 TPC of selected
85Kr delayed coincidence events after application of the data quality cuts and the v, 8 and 7
conditions. The red line indicates the 34 kg, the blue line the 48 kg fiducial volume. (Right)
Results.

there is the possible background originating from BiPo-coincidences of the 22°Rn decay chain.
In Figure (left) a contribution in the first bins of the full TPC event selection due to
the short lifetime of the BiPo-coincidence of 7 = 0.43 ps might be present. However, these
misidentified background events should mainly occur at the edges of the TPC, as insufficient
energy deposition in the LXe is required for the o decay to leak into the v acceptance window.
If an additional 34 kg fiducial volume cut is applied in order to obtain a cleaner sample, the
assumption of a background contribution with a short lifetime is supported as the fit now

yields a slightly higher lifetime of (1.9 £ 0.4) us, but still in good agreement with the expected
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Figure 5.7.: (Left) The time distance between the largest and second largest S1 of the
selected events. Blue represents the total TPC volume and red a 34 kg fiducial volume. The
black curves correspond to the applied exponential fits. (Right) The energy distributions for
the corrected largest and second largest S1 of the same event selection and the total TPC
volume.
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5.3. Calibration of the analysis method on science run 1 (SR1) data

No strong dependence of the analysis results on the fiducial volume selection is observed.
Furthermore, the effect of an additional background in the outer regions of TPC might be
compensated by a loss in ®Kr selection acceptance in this region: as already mentioned the
514 keV « has a mean free path of ~3.5 cm [72]. It can therefore escape the TPC volume if
the previous 8 decay occurs close enough to the edges of the TPC. This effect could only be
quantified in a full Monte Carlo simulation. Although these effects might compensate each
other in this run, it shows again that results of the full TPC volume should be treated carefully.
A reduction to the innermost volume might be more reasonable. This consideration results in a
first estimate of the "' Kr concentration during SR1 of "Kr/Xe = (370 £ 50 (stat) & 10 (sys))

ppt.

5.3.3. Further investigations about the charge signal S2

The presence of a possible background is faced in an additional study of the charge signal S2,
an information so far only used for the position reconstruction and the condition of requiring
at least one valid S2 signal. The reason why the charge signals are more difficult to treat is the
effect of the expected possible overlap of the S2 originating from the 8 and the ~ interaction.
Nevertheless, the observed signal of the largest S2 should at least correspond to the energy
of a 514 keV of the v interaction. Additionally the a energy deposition of the background
from the BiPo-coincidence is expected to have a lower charge yield than ~ interactions due to
the very high stopping power of a particles. Hence, the BiPo-coincidence might be separable
from the 3Kr delayed coincidences in S2.

The energy scale applied to the S2 signal is inferred from calibration measurements. Only
the bottom PMT array is used for S2-analyses, as the top PMTs show saturation effects
influencing the energy scale. The 37Cs 662 keV + line serves as an estimate of the S2 amplifi-
cation factor of the expected energy regime. For SR1 a value of 348.5 PE /keV is assumed [74],
which translates to ~ 180000 PE for a 514 keV ~ interaction. A similar value is inferred from
a study of the calculated secondary scintillation gain of single electron signals [75] together
with the NEST predictions [69].

In Figure (left) the energy spectrum of the largest S2 signals is shown. A very broad
population of events is observed mainly at slightly lower values than expected. Therefore a
cut with a high acceptance can only be set as shown in Figure (left). Such a condition
only rejects very low S2 signals. The observed smearing towards lower S2 signals is possibly
explained by scattering effects: If the 514 keV ~ undergoes a Compton scatter before full
absorption, there is the possibility, that these two interactions are resolved in S2 (which is
not possible in S1). Therefore the largest S2 might not correspond to a 514 keV interaction,
but to somehow lower energy deposition.

This effect of double or multiple scatters is avoided by using the sum of all registered S2

peaks. Then the signals of the majority of interactions of the v and the 8 add up. The summed
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Figure 5.8.: (Left) The energy distribution in PE of the corrected largest S2 is plotted for
the 85Kr delayed coincidence selection. As the expected peak structure is very broad only a
cut eliminating very low signals can be applied. (Right) The energy distribution of the sum
of all S2 peaks found in the waveforms. Valid signals should consist of a value between the
514 keV and 687 keV. A 50 resolution cut is applied.

signal is therefore expected to be in the range of [514, 687] keV and following a superposition
of a gaussian distribution and the shape of the 5 decay. A 5o resolution band for the required
energies is added according to the S2 resolution of Figure [5.4] in order to account for higher
uncertainties in the charge yield determination. This should yield an acceptance very close
to 100 %. The resulting event distribution and the cut thresholds are shown in Figure [5.8
(right). The observed population can now easily be separated from events with a very low
S2 signal, which should correspond to incomplete a energy deposition originating from the
220Rn decay chain. Hence, the application of this cut should provide a cleaner event selection.

In Figure the event distribution inside the TPC is shown. As expected most of the
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Figure 5.9.: (Left) The observed event distribution inside the XENON100 TPC of selected
85Kr delayed coincidence events after application of all selection cuts including the condition
on the S2 signal. Events in red are removed by the S2 cut only. The red line indicates the
34 kg, the blue line the 48 kg fiducial volume. (Right) Results.
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events removed by the additional cut on the charge signal occur at the edges of the TPC.
There the probability for BiPo-coincidences mimicking the 3Kr delayed coincidence is higher
because the a can deposit only parts of its energy inside the TPC. But effects as insuffi-
cient charge collection due to field inhomogeneities could lower the S2 cut acceptance and
this is as well most likely to occur close to the field shaping electrodes of the TPC. As a
final and conservative result therefore only the innermost 34 kg fiducial volume is considered
natKr/Xe = (360 & 50 (stat) + 10 (sys)) ppt. This is in very good agreement with the RGMS
value of (340 £+ 60) ppt.

5.3.4. A comparison to previous delayed coincidence analyses

The XENON100 collaboration already performed a study on the 8°Kr delayed coincidence for
SR1 and quoted the result of (294 + 66) ppt [47]. The analysis reported here was performed
completely unbiased as a comparison was only made after the obtainment of first results with

this new method. The final event distributions are compared in Figure [5.10
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Figure 5.10.: (Left) The observed final event distribution of the SR1 dataset after appli-
cation of all 8°Kr selection criteria described in this work. The lack of events close to the
edges of the TPC is expected in this analysis and can be avoided with the use of fiducial
volumes. (Right) The final distribution of a previous analysis [76]. The lack of events the
central bottom region of the TPC is due to the use of uncorrected signals and not anymore
observed in the analysis performed in this work.

Two main differences are apparent: In this analysis less events close to the edges of the TPC
are detected. This can be explained by two already mentioned effects: the loss of acceptance
of the v condition close to the TPC walls, as the 514 keV v might escape out of the sensitive
volume, and, second, effects of insufficient charge collection lower the acceptance of the S2
condition. The other main difference is the lack of events directly above the center of the
bottom PMT array in the previous analysis. The origin of this event inhomogeneity was not
known. As this lack does not occur in this analysis there has to be a physical reason, which
was found by comparing the selection criteria: The previous analysis used the uncorrected
signals for the v and the 8 condition. The detector however has a very high LCE close to the
center of the bottom PMT array, see Figure 5.1 The application of the correction factors,

which are in the order of ~ 0.6 in that region, prevent events of that regions to fail the S1
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5. In situ analysis of 8 Kr in XENON100

conditions, due to their very high signals. Hence, the quoted result of this analysis is slightly
higher and closer to the expected value inferred from the RGMS measurement.

A further comparison of the cut thresholds showed other minor differences. The delay
condition has a higher acceptance of ~81 % in the previous analysis by setting the lower
time threshold to only 0.3 us and the upper threshold to 10 us. This, however, includes the
possibility of picking up background from BiPo-coincidences in the lower time regime from
the 22Rn decay chain and in the upper time regime from the ?2°Rn decay chain. Therefore
the analysis of this work takes the loss in acceptance by ensuring a much cleaner sample.

Other differences were the improvements of the selection cuts: adoption of the data quality
cuts used in the standard dark matter searches for the largest and second largest S1, detailed
considerations about light yield, charge yield and resolution and the estimation of systematic
errors on the cut acceptances. Thus the results of this analysis are more robust as systematic

uncertainties are included.

5.4. Results of science runs 2 and 3 (SR2 and SR3)

With this knowledge, the datasets of the 225 live-days publication (SR2) [25] and the most
recent dataset with 153.6 live-days (SR3) are evaluated. For both runs the krypton level was
reduced compared to SR1. The ratio between the background from BiPo-coincidences origi-
nating from radon decays and the signal from 3Kr delayed coincidences is thus shifted towards
the background for this analysis. Moreover, due to tiny air leaks, as already investigated in
section additional radon was introduced to the xenon inventory in SR2 and SR3. It is
thus expected to observe more background events originating from the BiPo-coincidence of
the 222Rn decay chain. On the contrary, ??°Rn has a very short half-life of ~1 minute and

therefore should not diffuse through an air leak into the LXe.

5.4.1. SR2

The RGMS measurement for this run was (14 £ 2) ppt, this is significantly lower compared to
SR1, such that about one order of magnitude less events are expected. As already mentioned
in section the entropy cut (further electronic noise rejection) is additionally applied to the
data. The delay condition was left unchanged. The reference light yield of 122 keV for this run
is £, (122keV ) = (2.28 +0.04) PE/keV [47]. This translates by application of the NEST-
model to £, (173keV ) = (1.85 £ 0.08) PE/keV. Using the directly measured light yield at
514 keV of SR1 and its ratio to the reference light yield determined during the analysis of SR1,
the value of the light yield of a 514 keV v for SR2 is £, (514keV v) = (2.03 £+ 0.07) PE/keV.
The S2 amplification was evaluated recently [77] with a value of (366.5+ 0.5) PE/keV by
studying the 137Cs calibration data of this run.

The event distribution observed after application of all cuts mentioned above is shown in
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5.4. Results of science runs 2 and 3 (SR2 and SR3)

Figure [5.11] Due to the lower krypton level and the longer lifetime of the run, a relative

increase in the number of events at the edges of the TPC is apparent if no S2 cut is applied.
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Figure 5.11.: (Left) The observed event distribution inside the XENON100 TPC of selected
85Kr delayed coincidence events after application of all selection cuts including the condition
on the S2 signal. Events in red are removed by the S2 cut only. The red line indicates the
34 kg, the blue line the 48 kg fiducial volume. (Right) Results.

This is underlined in Figure (left), where the S2 spectrum of this run is displayed. More
events with low S2 signals are clearly present and removed by the S2 condition. A verification
of the efficiency of the S2 cut is given in Figure (right). The delay time distribution
of events which not pass this additional cut yields a lifetime of 7 = (0.38 £ 0.06) us in good
agreement with the expected lifetime from the BiPo-coincidence of 7 = 0.43 ps. On the other
hand the 11 events passing this additional cut show a delay distribution comparable with the
expected 8°Kr delayed coincidence, despite of the low statistics. A possible acceptance loss of
the S2 cut for the outer TPC volume cannot be excluded, however all three evaluated volume
selections give consistent results for this run.

The need of the additional S2 cut is demonstrated by the waveform of the one event of the
34 kg fiducial volume which does not pass the condition, shown in Figure [5.13] Due to an
unidentified largest S2, the position reconstruction of this event fails. Thus it is placed inside
the innermost fiducial volume, even though the small S2 signal indicates that its origin could
rather be an « interaction from the BiPo-coincidence. Possible data quality cuts on the S2
signals could be very efficient in removing those events, but as already explained in section
[5.2.7] these cuts are avoided due to their unknown acceptance on overlapping S2 signals. The

S2 condition developed in this work removes this event, providing a very clean event selection.
After this proof of the efficiency of the newly introduced S2 cut, the final result of SR2

is MKr /Xe = (14 T8 (stat) + 1 (sys)) ppt. The innermost 34 kg fiducial volume should give

the result with the deepest understanding, as no acceptance losses should be present there.

73



5. In situ analysis of 8 Kr in XENON100

1%}
2. r I \ 2 F
225 C
% H [7] saxgtiducial volume gml [ Not selected by S2 Cut: T = (0.38 + 0.06) s
20 F
=7 [ e2kgtul Trc volume ®* [[7] selected by s2 Cut: 1= (1.2 £ 0.4) ps
18f- 14—
il 12
148~ r
2 o
104~ 8—
8 5 6
H 5 C
6H- C
o & & A
44 F
2EJILL‘ I 2
O:..H”‘HI'I\HI'I‘\HI'I \H“\“I'I‘\Huxlo3 o: T T O ST
0 50 100 150 200 250 300 350 400 0 35 4 45 5
sum of al corrected S2 [PE] time difference [us]

Figure 5.12.: (Left) The energy distribution of the selected events in terms of summed S2
signal strength for the total TPC volume and the innermost 34 kg fiducial volume. (Right)
The time distance between the largest and second largest S1 is plotted for all events passing
the 7, B and ~ criteria. The events which not pass the S2 condition are displayed in blue and
the events which pass the S2 condition are shown in red. The black lines indicate exponential
fits.
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Figure 5.13.: The summed waveform registered by the raw data processor of the XENON100
experiment of the event xe100-110625-1131_.000115 173 removed by the S2 condition. The
raw data processor did not identify the largest S2 peak, thus the position reconstruction
applied could be wrong. For this reason this event with a very weak S2 signal and therefore
likely to be a misidentified BiPo-coincidence is located inside the innermost fiducial volume.

The uncertainties are assumed to be Poisson like due to the observed low statistics and the
confidence intervals are calculated using the method of [78] assuming a background free event

selection.

5.4.2. SR3

The third science run of the XENON100 experiment started dark matter data taking in April
2013 and lasted untill January 2014. Several RGMS measurements of the krypton content
were performed for this run. Due to the presence of an air leak in the gas system, additional
krypton was introduced to the LXe since May 2013. The averaged krypton concentration was
calculated in section to (6.2 £+ 1.0) ppt. This value is of the same magnitude as for SR2.

As well during this run a higher ??2Rn decay rate is expected due to the presence of the air
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5.4. Results of science runs 2 and 3 (SR2 and SR3)

leak. Thus, a similar event distribution as in SR2 is expected for this run.

First, the selection cuts have to be adopted to SR3 conditions. According to [77] the overall
reference light yield of this run is determined to £, (122keV v) = (2.28 £0.04) PE/keV, the
same value as for SR2. This is expected since the conditions such as xenon purity did not
change between these two runs. Thus, the same cut thresholds for the 8 and v conditions
are applied. The S2 amplification of 662 keV v rays from '37Cs was determined to be slightly
lower as in SR2 with (357 + 3) PE/keV.

The resulting event distribution is shown in Figure Once again the good BiPo-
coincidence rejection power of the S2 cut is demonstrated, as an increased population of events
at the edges of the TPC is removed. The final result of the innermost 34 kg fiducial volume
is "Kr/Xe = (20 Ta? (stat) £ 1 (sys)) ppt. It deviates 20 from the value obtained by the

RGMS average over the run, which is still a good confirmation of the RGMS measurements.
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Figure 5.14.: (Left) The observed event distribution inside the XENON100 TPC of selected
85Kr delayed coincidence events after application of all selection cuts including the condition
on the S2 signal. Events in red are removed by the S2 cut only. 5 events in the innermost
fiducial volume pass all selection criteria. (Right) Results.

A closer look into the S2 spectrum of the selected events is shown in Figure (left).
Two out of the five selected events of the innermost 34 kg fiducial volume have a very high
summed S2 signal, although they are still inside the 50 predefined region. Such events are
already observed in SR1 and SR2. The S2 distribution is plotted for all three science runs
combined in Figure (right).

The signal in PE is used as the scale for the z-axis, although the absolute and comparable
energy scale depends on the charge yield of the specific run. But as the differences are just
a ~3 % effect, this is only of minor impact. In this approximated comparison it can be seen
that the few events with a very large summed S2 signal are are separated by a huge gap
with no events from the bulk of events expected from 3Kr delayed coincidences. Thus this

population, which deviates more than 40 from the energy window of [514, 687] keV,, could
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Figure 5.15.: (Left) The energy distribution of the selected events in terms of summed S2
signal strength for the total TPC volume and the innermost 34 kg fiducial volume for SR3
data. (Right) The summed S2 spectrum of the total TPC volume combined for all three
science runs. A tiny population at very high summed S2 signals is observed and clearly
distinct from the bulk of 3Kr delayed coincidence events. The origin of this population
however remains unknown.

be of a different origin. A close inspection of the waveforms shows no anomalies. Note that
ignoring this population at high S2 sizes would have a major impact on the SR3 analysis,
because the two events occur in the innermost fiducial volume, pushing down the result to
natKy /Xe = (12 2 (stat) £ 1 (sys))7 which is much closer to the value expected from the
RGMS measurements. But as long as no physical explanation for considering these events as

background exists, they are interpreted as valid 8°Kr delayed coincidence events.

5.4.3. Comparison with RGMS results: Search for time clustering of events in SR2 and
SR3

The results of this delayed coincidence analysis agreed well with the off-line analytics of the
RGMS set-up, presented in chapter [3] and chapter [, An overview of this comparison will be
given in chapter [6] illustrated nicely in Figure An additional check of consistency between
the RGMS results and the 3Kr delayed coincidence analysis can be done by comparing the
appearance of the 8Kr delayed coincidence events with the expectations from section
Tiny air leaks in SR2 and SR3 could be reflected in more 3Kr delayed coincidence events
towards the end of the specific run, as the overall krypton level was increasing with time. In
Figure [5.16] the time distribution of the selected events is plotted for SR2 and SR3 together
with the evolution of the krypton concentration estimated in section

The observed events were binned into periods of one month and in order to increase statistics
all valid ®°Kr events of the 48 kg fiducial volume were used. The hypothesis of a very slight
increase expected from the observation of the radon level inside the detector for SR2 and
SR3, done in section [4.1.2] cannot be verified by any observed time-dependent clustering of

the selected events. But this is already expected from the very low statistics of the 5 Kr
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Figure 5.16.: (Left) The timestamp of the selected 3°Kr delayed coincidence events in the 48
kg fiducial volume of SR2 is shown, together with the expectation for the krypton evolution
estimated in section (Right) The same distribution for SR3, as well underlined with
the expectation for the evolution from section @
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analysis for SR2 and SR3. The measured monthly rates get too low in order to infer any

statistical significant increase in rate due to the increase in krypton concentration.
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6. Summary and Outlook

This Master thesis is put forward in the context of the XENON dark matter search experi-
ments. It deals with one of the main background sources of the experiments: the man-made
krypton isotope ®Kr. As an almost pure 3 emitter its disintegration signals could leak into
the expected dark matter signal region, if krypton is present in a too high concentration.
Moreover, it is an intrinsic background, distributed homogeneously in the xenon inventory
and not affected by fiducial volume selections which use the high self-shielding capacity of
LXe. For the design goals of the XENON100 and XENON1T experiments, a reduction of
the krypton in xenon concentration down to tens of ppt (XENON100) or hundreds of ppq
(XENON1T) is necessary. This is approached by the collaboration by cryogenic distillation of
commercially available xenon (purity in the ppm or ppb regime). Equally important are the
corresponding analytics, giving the opportunity to check the performance of any purification
system and monitoring the operating conditions of the detectors.

In chapter 2] a brief explanation of the astrophysical and cosmological evidences for the
existence of dark matter and a presentation of the XENON dark matter search experiments is
given. Additionally, the effect of the 8°Kr background is characterized. It is shown that the
almost constant ratio of 8Kr /" Kr allows a 3Kr concentration determination by measuring
only the stable krypton isotopes.

Chapter introduces in one possible technique of measuring the "3'Kr concentration in
xenon: the RGMS set-up at MPIK in Heidelberg. This off-line krypton analytics system is
based on a combination of a cryogenic gas-chromatographic pre-separation device and an ana-
lyzing sector field mass spectrometer. The assay of xenon samples is described, showing major
improvements on the signal stability. A relative uncertainty for a single RGMS measurement
of 17.2 % is determined, almost limited by the systematics only. A reduction of the RGMS
background, estimated by the procedure blank, down to (0.013 & 0.003)-1072 ccmSTP "*Kr
is reported. This results in the so far unprecedented sensitivity limit of the device at the level
of 3 ppq.

In chapter 4] xenon assay results are presented. The very stable operating conditions of the
RGMS allowed to monitor the latest science run of the XENON100 experiment with several
samples. An increasing krypton concentration was observed, which helped to identify an air
leak in the gas system of the detector. This increase is even be linked to an observed higher
radon rate during this run, giving the possibility to correlate the radon and krypton evolution

in the presence of an air leak. This results in an estimate of the krypton evolution during the
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225 live-days science run [25], although only one krypton measurement is available. This evo-
lution is considered in an analysis searching for a modulation of the electronic recoil rate [39].
Moreover, the study of several krypton distillation runs by sample taking at the distillation
column is shown. This results in a measurement of the lowest krypton in xenon concentration
achieved so far by the XENON100 distillation column of (0.64 + 0.11) ppt. Furthermore, the
purification yield is determined three times for the same column, showing a maximum value of
yp = (390 & 120). The measurements additionally indicate difficulties to reach concentrations
lower than ~ 0.5 ppt with the current set-up of the XENON100 column. The demonstrator
column of the XENON1T experiment was examined the same way. Here a purification yield
of y, > 4500 at 90 % C.L. is found. Moreover, the sample taken at the output of the col-
umn was measured to contain the very low value of < 26 ppq at 90 % C.L., which is to our
knowledge the highest xenon purity in regard of krypton concentrations ever achieved and
measured. The six measurements carried out at these low concentrations very close to the
detection limit of the mass spectrometer agreed well within their statistical uncertainties.
One batch was processed with a smaller batch size, resulting in a measurement comparable
to the procedure blank. This assures that the estimation of the background for the RGMS by
procedure blanks is a valid approach. It could be further concluded that systematic effects
as residual krypton contributions from vacuum surfaces start to dominate in the ppg-regime
and have to be studied further.

In the last part of this thesis, chapter |5, another krypton in xenon measurement technique
is presented. This in-situ analysis searches in the available XENON100 datasets for delayed co-
incidence events of the secondary decay branch of the 8°Kr decay. By tagging the subsequent
emission of a f particle and a 7 ray delayed by a lifetime of 7 = 1.46 us, 8°Kr disintegra-
tions can be identified allowing to quantify the krypton concentration inside the XENON100
experiment. This work improves previous delayed coincidence studies, resulting in a more
homogeneous response, quantifying systematic effects and increasing the background rejec-
tion power. Good agreement is reached for all science runs of the XENON100 experiment.
This proofs that the absolute calibration of the RGMS system is correct within the quantified

16.5 % systematic uncertainty.

In Figure the final results of the delayed coincidence analysis are compared to the
RGMS measurements of chapter[d It shows the increase in purity achieved by the XENON100
collaboration between the different science runs. This is only reached due to the feedback to

the experimentalists from the two krypton in xenon measurement techniques.

The RGMS method has a low relative uncertainty of 17.2 % for a single measurement,
mostly dominated by the 16.5 % systematic uncertainty of the absolute calibration. Thus,
the RGMS measurements give very precise results especially for low concentrations. Here
limited statistics start to reduce the precision of the in-situ delayed coincidence analysis.

Furthermore the off-line RGMS technique always represents the detector status at the specific
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Figure 6.1.: The results of this analysis and the off-line analytics method for the three
different science runs of the XENON100 experiment are compared. Furthermore an outlook
for the XENON1T experiment is given, comparing the achieved krypton concentration by the
new distillation column and the sensitivity limit of this analysis applied to the conditions of
XENONI1T.

time of sample taking, whereas the in-situ method only can give an averaged concentration for
a hole run. This is demonstrated by the reconstruction of the krypton evolution by the RGMS
measurement of several samples during the third science run of the XENON100 experiment.
In contrast, the limited statistics of the delayed coincidence analysis prevent any statement

about the time evolution of the krypton concentration.

Finally an outlook for the XENON1T experiment is shown in Figure [6.1l The achieved
krypton concentration of the Miinster distillation column, see section [£.2] is compared to the
expected limit of sensitivity of the delayed coincidence analysis for the XENON1T experiment.
The latter is calculated assuming zero observed delayed coincidence events in 1 tonne-year
of data. At 90 % C.L. this corresponds to an expected downward fluctuation of a Poisson
distribution with a mean of 3 events, which translates to the sensitivity limit of 135 ppq.
This again shows the advantage of the RGMS: A sensitivity two orders of magnitude lower
is achieved by this off-line method. Moreover, already one sample in this regime has been

measured as displayed in Figure [6.1

The availability of additional ultra pure xenon samples supplied by the nicely performing
XENONI1T distillation column will further improve the understanding of the RGMS system
at concentrations close to its detection limit. Doping xenon samples below the detection
limit with precise amounts of krypton in the ppg-regime could finally verify that the absolute
calibration still holds for the very low krypton concentrations and proof the linearity of the

complete system, including the gas-chromatographic separation procedure.

Finally, the importance of the RGMS system for the upcoming XENON1T experiment has
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to be underlined. XENON1T is under construction since summer 2013 and its first commis-
sioning is planned for 2015. Then the possibility to check the achieved conditions during
distillation, detector filling and first test runs with the RGMS will become absolutely manda-
tory, as no other analytics method so far showed the sensitivity to such low concentrations.
During this work the RGMS however proofed the potential of the new distillation column
and demonstrated that the system is able to assay xenon samples with the krypton concen-
trations expected for XENON1T. This sets the basis for a successful dark matter search with

XENONIT in regard of the dangerous intrinsic ®Kr background.
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A. RGMS Results - Overview

Name Sampling date Kr/Xe [ppt]
SR1-1 [52] 20/06,/2010 340 + 60
SR2-1 [52] 17/11/2011 14 + 2
KC2-In [45] 08/12/2011 2800 + 500
KC1-Out [45] 25/09/2012 0.97 + 0.19
KC1-In 01/10/2012 123 + 21
KC2-Out [45] 04/11,/2012 7.0 + 1.7
SR3-1 [52] 14/12/2012 071 + 0.22
SR3-2 09/01,/2013 0.95 + 0.16
SR3-ATTA 30/09/2013 435 + 79
SR3-3 21/10/2013 87 + 1.5
SR3-4 22/12/2013 11.1 + 1.9
KC3-Out 06/02,/2014 0.64 + 0.11
KC3-In/SR3-Rec  10/02/2014 25.7 + 4.3
SR4-Filll 12/02/2014 2015 £+ 335
MS-LiquidOut 27/02/2014 < 0.026 at 90 % C.L.
MS-InGas 27/02/2014 136 + 22
SR4-Fill2 28/03/2014 1.4 + 0.3

Table A.1.: Overview over the final results of all RGMS measurements relevant for this work
in chronological order. The prefix SR indicates that this was a sample taken during a ongoing
science run of the XENON100 experiment. The prefix KC indicates that the sample was taken
in the context of the evaluation of the performance of the XENON100 distillation column. The
prefix MS indicates that the sample was taken from the first XENON1T demonstrator column
built by the Miinster group of the collaboration. Measurements marked with a citation were
not measured during this work but in the corresponding citation.
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