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1 Introduction

The world of physics has not been fully understood yet. Unsolved questions are both on
little scale in quantum mechanics and on large scale in astrophysics. One central mystery
at the large scale are phenomena which appear with gravitational origin where the impact
leads to more gravitation than the visible matter could provide. Rotational curves of
galaxies [1–3] and gravitational lenses [4] show both another behavior than expected from
the visible part of matter. The solution for this problem could be connected to the field of
quantum mechanics where a new particle could be added interacting only gravitational and
not electromagnetic, hence called dark matter. Proposed candidates for these particles are
e.g. sterile neutrinos [5–7], axions [8, 9] or weakly interacting massive particles (WIMPs)
[10, 11]. The direct detection of the WIMPs is one of the most promising approach for
verifying the concept of dark matter. Because the thus called WIMPs only interact weak,
ultra precise detectors are needed for tracking a gravitational induced collision of a WIMP.
Dual-phase xenon time projection chambers (TPCs) [12] are the state-of-the-art detectors
for such low signal experiment, because they profit from the high atomic mass and cross
section of xenon and the spatial resolution of a TPC. For providing the best statistics the
mass of xenon increased over the years [13–17], but beyond the increasing mass a decreasing
background is necessary for getting the best sensitivity. Therefore, the experiments are
located underground avoiding cosmic rays but still the internal background arising from
the β emitter 214Pb coming from the emanated 222Rn is currently the biggest problem [18,
19].
The XENON collaboration runs one of the competing experiment permanently im-

proved for the direct WIMP detection, currently named XENONnT [20]. Although the
experiment is this sensitive that it could detect the double electron capture of 124Xe with
a half-life of 1.8 · 1022y [21], the background originating from 222Rn still affects the WIMP
search. The emanation sources were permanently reduced by selecting specific materials
[22, 23] but as the radiopurity now seems like not further increasable, a different radon
reduction is taken into account via cryogenic distillation [24–26]. The 222Rn activity with
radiopure materials of 4.2µBq/kg [23] is according to the latest publication [20] during
the first science run (SR0) reduced by this technique to 1.7µBq/kg and should further be
reduced to values < 1µBq/kg, which would drastically increase the WIMP sensitivity [18].
Determining the correct activity is crucial for the WIMP search to set a limit on the 214Pb
background.
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1 Introduction

This thesis checks the published 222Rn activity and gives an alternative approach for
estimating it. The method is based on a Poisson-likelihood chi-square α spectrum fit. In
chapter 2 an introduction on the evidences for dark matter and the direct detection with
a dual-phase xenon TPC will be given. Afterwards in chapter 3, the intrinsic backgrounds
and the reduction of them are discussed. The 222Rn background will be stressed out
and the new cryogenic distillation for reducing it is introduced and the method of how
to monitor the activity. This process will be applied in chapter 4 to estimate the rate
evolution of 222Rn and its decay product 218Po. Therefore, own data processing cuts and
corrections will be managed. Finally, the published 222Rn activity is checked.
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2 Dark matter and direct detection methods

The concept of dark matter was introduced because of some gravitational phenomena in
astronomical dimensions which could be all explained by a deficit of visible matter with
respect to the gravitational effects. The hence called missing dark matter could consists
of unknown particles not electromagnetically interacting for which several theories fulfill
the requirements for such effects. A few of the candidates for being a dark matter particle
are sterile neutrinos [5–7], axions [8, 9] or weakly interacting massive particles (WIMPs)
[10, 11]. Until now, only the weak gravitational effects of this matter are known.
So first of all, two of the phenomena leading to the assumption of such a theory are

explained. After that, it will be shown, how the gravitational interaction can be used for
directly detecting a WIMP and why the detector concept of a dual phase time projection
chamber (TPC) is advantageous. As a last point of this chapter, the operation of a TPC
at the XENONnT dark matter project will be presented.

2.1 Evidences for dark matter

Due to the fact that dark matter seems to interact only gravitational and the gravitation is
this weak, evidences could be observed best in big structures of the universe. Most of the
effects coming from additional gravity due to dark matter are not directly comprehensible
and can only be verified by comparing the observations with simulations. More complex
phenomena are e.g. the formation of the universe [27] or the anisotropy of the cosmic
microwave background [28]. But presented here are two more understandable effects given
the rotation curves [1] of galaxies and the gravitational lensing [4].
First starting with the rotation curves which show the tangential velocity of stars de-

pending on the distance to the galactic center. An example of the M33 galaxy is shown
in Figure 2.1 [2, 29] where the velocity of the stars is measured by the red or blue shift
of molecular lines. As one can see, the velocity rises by rising distance from the galac-
tic center which is in conflict with the prediction of classical mechanics. This prediction
of a descent in the velocity can be seen at the luminous gas halo and the stellar disc
contribution where the mass densities are known. The rising velocity is explained by an
expanded dark matter halo which induces additional gravitation beyond the outer galaxy
part at radius > 8 kpc. Even by considering the uncertainty of the velocities, the same
discrepancy can be observed and explained by dark matter at many other galaxies [3].
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2 Dark matter and direct detection methods
1. From dark matter particles to light signals

Figure 1.1: Rotation curve of the
M33 galaxy. The observed velocity
dependence as a function of the dis-
tance (black •) is explained by contribu-
tions from stellar disc (orange), galactic
gas (green) and the dark matter halo
(blue). Figure adapted from [9].
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helion precession [10] 1. Similarly, it might fail to correctly predict the gravitational
force at a typical galactic length scale. This motivated the introduction of a modified
Newtonian dynamics (MOND) (see e.g. [12]), as well as other theories of modified
gravity. Though MOND can resolve the discrepancy found in the rotation curves of
galaxies, it typically fails to simultaneously explain the further evidences for DM [3].

Figure 1.2: Composition of an optical and X-ray
image (pink) overlain with the mass distribution
obtained from weak gravitational lensing (blue)
of the Bullet-Cluster (1E 0657-56). Figure taken
from [13].

A more accepted explanation for
the observed rotation curves is by
assuming that the galaxy is embed-
ded into an extended DM halo. It
is thought to be constituted by in-
dividual constituents which circle the
galaxy on Keplarian orbits. For the
Milky Way they would have an aver-
age density of 0.3GeV/c2/cm3 and a
mean velocity of 220 km/s at the lo-
cation of the Sun [4]. The hypoth-
esis that the halo is made up by
massive compact halo objectss (MA-
CHOs) like black holes, rouge plan-
ets or brown dwarfs [3, 4], is disfa-
vored by gravitational microlensing
surveys [14, 15]. The same holds true
for most types of the hypothetical primordial black holes [16]. Therefore, one of the
most plausible explanations is that DM consists of elementary particles, similarly to
“ordinary” baryonic matter.
Further evidence for the DM existence has been gathered using weak gravitational

lensing [17]. It leads to distorted images of background galaxies by a massive object
in the foreground and can be used to map out the matter distribution of an object.
One of the most famous objects with such a mapping is the Bullet Cluster (1E

1Similar to introducing DM to explain the rotation curves, it had been speculated that a hidden
planet (Vulcan) is the cause for the observed deviation [11].

2

Figure 2.1: Circular velocity of stars in the M33 galaxy dependent on the distance from the
galactic center. The contributing effects to the final velocity dependence of a dark
matter (DM) halo, the stellar disc and gas are printed as well. One can see that
the curve fits especially at > 5.0 kpc only to the data because of the dark matter
contribution so it is essential to the model. Figure taken from [29] with data from
[2].

The other observation presented here where dark matter is introduced because of a
missing luminous gravitation is the strength of gravitational lenses. As the general rel-
ativity theory predicts, masses lead to a curvature in spacetime which can be seen in
galactic scales as image distortions of far galaxies. For example, galaxy clusters in the
foreground lead to deflections of shining objects in the background. As a consequence, one
can measure the luminous mass density of the foreground object, calculates the predicted
distortions and compare it with the measured image. In particular, one differentiates be-
tween the grade of lensing in strong, weak and microlensing. Strong lensing is defined as
the visibility of multiple background images. They are based on the high gravity of the
foreground object which makes multiple bending paths around it possible (see red lines
in Figure 2.2 [30]). But this case is unusual because most of the rays to earth propagate
far from gravitational centers. The cases of less strong deflection are called weak lensing
or microlensing (see white lines in Figure 2.2). Because of the smaller variations, these
methods have to compare structures over time or investigate many galaxies. [4]
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2.2 Xenon dual phase time projection chamber

Figure 2.2: Illustration of a gravitational lens arising from a galaxy cluster. The image of the
far galaxy in the background is seen deflected on earth because of the curvature
in spacetime (bottom grid) of the galaxy cluster. The diffraction near the cluster
center is this huge that the background image can be seen via multiple paths (strong
lensing). The farther the rays are from the center the smaller is the deflection and
the galaxy image can only be seen once (microlensing, weak lensing). [30]

2.2 Xenon dual phase time projection chamber

As it has become apparent in the previous section, dark matter induces only small in-
fluences in gravitation and is thus only visible in galactic dimensions. So detecting dark
matter directly by a collision experiment needs high statistics and sensitivity. The latter
can be reached by excluding the signal background at the best. This is possible with the
detector concept of a dual phase time projection chamber (TPC) presented here. Its main
advantages are the possibility to distinguish between the collision with an electron (elec-
tronic recoil, ER) or with the nucleus (nuclear recoil, NR) and to detect both scintillation
and ionization light if it is filled with a liquid noble gas [12, 31].
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2 Dark matter and direct detection methods

Figure 2.3: Signal generation and mode of operation of the cylindrical XENON1T dual phase
TPC. Signal 1 (S1) is generated by the prompt scintillation light of the liquid xenon
(LXe) and is detected by both photomultiplier arrays at the top and bottom. Signal
S2 is based on ionization charges drifting because of the applied voltage to the top and
are extracted at the liquid gaseous interface to the gaseous xenon (GXe). A strong
extraction field accelerates the electrons which thus create another scintillation light
proportional to the number of charges. Spatial reconstruction of the event is possible
because of the S2 as the horizontal coordinates and the drift time between S1 and
S2 being proportional to the interaction depth. [32]

An example for a dual phase TPC filled with xenon is shown in Figure 2.3 [32]. The
cylindrical volume is almost completely filled with liquid xenon (LXe) and has at the top
a layer of gaseous xenon (GXe). Xenon is commonly used because of its high atomic
mass and thus preventing a high cross section for completely absorption of interacting
particles and shielding against extrinsic ionizing radiation. The walls are designed for
high reflectivity of the scintillation light. At the top and at the bottom of the volume are
photomultiplier tubes for detecting the signals. These signals are created as follows: An
incoming particle hits the xenon and due to recombination of the excited atom a prompt
scintillation light at 178 nm arises which is called signal 1 (S1). Additionally, ionization
electrons are generated by the collision which drift to the top of the detector because of
the applied voltage by many wires in the volume. The drift electrons are accelerated to
the liquid gas interface and get extracted by a stronger electric field. Now they produce
a second scintillation light (S2) in the GXe, which has another shape than the S1 and
is proportional to the number of electrons. From the S2 one can gather the position
orthogonal to the drift field, called x and y in orthonormal coordinates. The z coordinate
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2.3 Direct detection with XENONnT

is calculated from the time difference between S1 and S2. This spatial resolution enables
reducing the background for example by rejecting disturbing events from the detector
walls where the drift field is too inhomogeneous. [12, 33]

The incoming particle can also interact multiple times with the xenon and in this way
produce many S1s and S2s. Although these multi scatter events produce also only one S1
in the detector, because the prompt S1 is too fast and often diffuse because of reflections
at the wall, the S2s have the possibility to be distinguished. Another event discrimination
is possible regarding the type of interaction with the scintillator. The particle can mainly
interact with the nucleus and produce a nuclear recoil or it can deposit its energy mainly
in the electrons and produce an electronic recoil. The ratio between S1 and S2 is different
so an ER deposits more energy in the ionization charges responsible for S2. This differ-
entiation is important because the theory of dark matter predicts for a WIMP a NR and
most background signals based on ERs can be excluded. [12, 33, 34]

2.3 Direct detection with XENONnT

The XENONnT dark matter experiment [20] uses a dual phase 8.5 t xenon TPC for direct
detection of WIMPs. It is located at the INFN Laboratori Nazionali del Gran Sasso
(LNGS) 1400m (3600m water equivalent) underneath the ground level for preventing
disturbances by cosmic rays. Its main experimental components especially for keeping a
low signal background will be described in the following. More detailed descriptions are
available for the TPC [20, 23], the muon veto [35], the neutron veto [20] and the xenon
handling system [23, 26, 36] in the references.

In Figure 2.4 at the left the XENONnT TPC is shown. The cylindrical volume has
a height of 1.49m and a diameter of 1.33m. It is filled with LXe at a temperature of
−96 ◦C and a pressure of 1.9 bar which corresponds to a density of 2861.9 kg

m3 [37]. At the
top are 253 hexagonal PMTs, at the bottom 241 and the wall is made of high reflective
polytetrafluoroethylene (PTFE).

For a better background reduction the cryostat and the TPC are surrounded by water
and PMTs in a first layer by a neutron veto and in a second layer by a muon veto, which
is shown in 2.4 [18] at the right. The neutron veto is going to be filled with high neutron
capture cross section Gadolinium doped water in the future for registering external neutron
radiation. But in this work only pure water was used. The neutron veto is enclosed in the
muon veto which is a water Cherenkov detector registering external muons.
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Figure 1. (Left) CAD rendering of the XENONnT cryostat and TPC. The TPC has a diameter of
1.3m and is 1.5m-tall. (Right) Geant4 rendering of the three nested detectors, including muon and
neutron veto. The water tank walls, which support the muon veto PMTs, the neutron veto support
structure, and other components (e.g. calibration systems) are omitted for clarity. Reflector panels,
which optically separate the neutron and muon vetos, are shown as transparent turquoise surfaces.
The neutron veto PMT windows face the neutron veto region through openings in the panels.

from the surrounding LXe. The top (bottom) PMT array consists of 253 (241) PMTs, ar-
ranged in a compact hexagonal structure to maximize light collection efficiency (LCE). The
PMTs are 3” Hamamatsu R11410-21, chosen for their low radioactivity [15] and high quantum
efficiency (QE≈ 34% on average at room temperature) at the xenon scintillation wavelength
of 175 nm [16]. PMT characterization and performance are discussed in refs. [17, 18].

As in previous XENON detectors, the liquid level in the TPC is controlled by means of
a SS diving bell. The drift field is generated by means of a gate electrode slightly below the
liquid-gas interface and a cathode. The active region is demarcated by these two electrodes,
which are separated by 1485mm at operating temperature. An anode electrode is placed
in the GXe 8mm above the gate. In addition to the anode, gate and cathode electrodes,
the TPC has two screening electrodes. These are positioned directly below (above) the top
(bottom) PMT array to screen the PMTs from the field produced by the anode (cathode).
The electrodes consist of parallel SS wires, which are 216 µm-thick with the exception of the
cathode (304 µm), stretched onto SS rings. The top electrodes (top screening, anode, gate)
have a pitch of 5mm, while the bottom electrodes (cathode, bottom screening) have a pitch
of 7.5mm. The gate and anode have two and four additional 304 µm-thick wires, respectively,
running perpendicularly to all other wires. These perpendicular wires are added to counteract
deformation of the electrode plane under electrostatic forces.

Uniformity of the drift field is achieved by two concentric sets of OFHC copper field
shaping rings, vertically interleaved and with a 15mm radial separation. The inner set
consists of 71 field shaping wires of 2mm diameter and touches the outer side of the PTFE
panels of the TPC. The outer set is made of 64 rings, which are 15mm-tall and 5mm-thick.

The full 8.4 t LXe inventory is contained in a double-walled vacuum-isolated cryostat,
consisting of an inner and outer vessel, each with a domed upper section penetrated by several

– 3 –

Figure 2.4: Schema of the three contributing detectors for XENONnT. Left the construction of
the TPC with a height of 1.49m and a diameter of 1.33m. Left the embedding of the
TPC in the neutron veto, an octagonal enclosure filled with water with an apothem
of 2m and a height of 3m. This veto is centered in the Cherenkov muon veto which
is a cylinder with 9.6m in diameter 10.2m high. The vetos are surrounded by PMTs
for detecting the respective background sources. [18]
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2.3 Direct detection with XENONnT

599 Page 4 of 21 Eur. Phys. J. C (2022) 82 :599

Fig. 1 (left) Render of the XENONnT cryostat and TPC, including the most relevant components investigated during the screening campaign.
(right) The cryostat is surrounded by the neutron veto and muon veto which serve as shielding for background reduction. The U-Tubes, Guide Pipe,
Beam Pipe, and I-belt are part of the calibration subsystem

Fig. 2 Schematic drawing of the xenon handling system and the TPC of XENONnT. The circulation of xenon through the purification systems is
indicated with orange (GXe) and blue (LXe) flow lines

neutron veto system encloses the region around the cryo-
stat with light reflective panels and is operated with 120
PMTs. Gadolinium-sulfate, which will be dissolved in the
entire water volume, efficiently captures neutrons leaving

the cryostat [19]. As a consequence of the capturing process,
Cherenkov light is produced which is detected.

In addition to the internal calibration sources (e.g., 220Rn
and 83mKr) which are periodically flushed directly into the

123

Figure 2.5: Schema of the xenon handling system for XENONnT consisting of the TPC and
the cryostat, the cryogenics (CRY), the liquid (LXe-PUR) and gaseous (GXe-PUR)
purification system and the online radon distillation (Rn-DST). The purification sys-
tems remove electronegative impurities from the respective phase of the TPC by
using filters. The CRY controls the thermodynamic values of the xenon. The Rn-
DST distillates radon with lower vapor pressure than xenon out of the circulating
xenon. [23]

For minimizing the internal backgrounds coming from radioactive isotopes and removing
electronegative impurities, the purification system and the radon distillation are coupled
to the cryostat. The whole xenon handling system is shown in Figure 2.5 [23] where
one can see the liquid and gaseous purification system (LXe-PUR and GXe-PUR) which
remove constantly electronegative impurities by using filters. The cryogenic system (CRY)
is used for liquefying, controlling and refilling xenon. The newly introduced online radon
distillation (Rn-DST) [26] uses the lower vapor pressure of radon comparing xenon to
remove this radioactive perturbation. A more detailed description of the system will be
given in section 3.2. [23, 36]
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3 Backgrounds and reduction methods

As presented before, the XENONnT experiment has better chances to detect the rare
WIMP events the lower the background level. The external backgrounds like neutrons,
neutrinos and muons have already been reduces by the underground location, the muon
veto and the neutron veto. Additionally, the self-shielding mechanism of the xenon leads
to the typical interaction point of the external background near the wall, which can be
identified because of the spatial resolution. But on the other hand, intrinsic backgrounds
from natural abundances of radioactive isotopes affect the sensitivity more. The different
types and the previous reduction operations will be shown first. Especially, the new
developed online radon removal will be presented. After that, it will be introduced how
the background level can be determined. [18]

3.1 Intrinsic backgrounds and their reduction

Most intrinsic backgrounds interact via an electronic recoil, whereas the WIMP signal
should be a nuclear recoil and thus should be distinguishable by using a TPC, but so
called accidential coincidences (ACs), events falsely reconstructed by matching S1 and S2
from different sources, should also be minimized. The WIMP region of interest (ROI) for
the ER interactions is from 1 keV to 13 keV. The ER backgrounds arise mostly from natural
abundances of radioactive isotopes in the experimental material. We will group them in
the category of the solid radiating materials and others which are liquid or gaseous. [18]
First, most of the intrinsic backgrounds by solid materials radiating in the detector can

be found in the detector wall and the PMTs namely 238U, 235U, 228Ra, 226Ra, 228Th, 137Cs,
40K and 60Co and isotopes of their decay chains. α, β and γ radiation is mainly self-shielded
by the xenon so the events occur only at the outer TPC or in the GXe. Therefore, one can
use the fiducialization, so using only the inner volume, to reject those backgrounds in the
analysis. On the other hand, these isotopes can produce neutrons by spontaneous fission
or (α/n) reactions which are not affected by the self-shielding. But these events can be
monitored in the future by the neutron veto. Although all of these events can be identified
not to be a WIMP, ACs lead to a lower performance. Therefore, the radioassay program
has been developed to minimize the particular isotope concentrations by monitoring the
radioactivity of every part of the detector and choose only components with low activity.
The individual values can be seen at [38]. [23]
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3 Backgrounds and reduction methods

The other intrinsic background source consists of gaseous and radioactive isotopes like
136Xe, 124Xe, 222Rn, 85Kr and 222Rn. As they are not solid, they overcome the self-shielding
and can diffuse through the whole handling system. Therefore, the sources have to be
eliminated as good as possible.

136Xe has a natural abundance of 8.9% and decays by a double β− emission, hence it
has a relatively high half-life of 2.17 · 1021 y. It contributes to the background in the ROI
from 1 keV to 13 keV with an average rate of 1.3 (keV t y)−1. The other relevant xenon
isotope is 124Xe whose double electron capture has been first observed by the XENON
experiment. Its half-life of 1.4 · 1022 y results also in a relative low activity of 3.7 (t y)−1 at
mainly two known peaks. Removing the xenon isotopes is relative complex and because
of the small contribution to the low energy background their presence is accepted. [18, 21]
Krypton is contained in commercially available xenon with a concentration of 1 ppm

to 10 ppb. A part of typically O(10−11) is the β− emitter 85Kr which was one main con-
tributing background for the WIMP search. For reducing this, a cryogenic distillation
column was established with which the whole xenon was distilled before filling the ex-
periment. The concentration of krypton was reduced to (56 ± 36) ppq which is around 6
orders of magnitude lower than in the delivered xenon. The corresponding abundance of
85Kr/natKr in XENONnT was measured to be ≈ 2 · 10−11 which results in a background
of 1.1 (keV t y)−1. [18, 20, 23, 36]

Figure 3.1: Part of the 4n + 2 decay chain con-
sisting 222Rn generated by 226Ra.
[25]

The leading background in the low ER
from 1 keV to 30 keV, including the WIMP
ROI, is introduced by 222Rn. Other radon
isotopes have a smaller abundance (<1%)
and can thus be neglected, whereas 222Rn
is constantly emanated by 226Ra out of
the detector components. The decay chain
is shown in Figure 3.1 [25]. Due to its
half-life of 3.8 d, it is homogeneously dis-
tributed in the whole xenon, independent
from which component in the handling sys-
tem it originates. 222Rn itself is an α emit-
ter at 5.6MeV but the daughter 214Pb with
a short half-life of 26.8min is responsible
for a nearly constant low ER background
by β− radiation. It is generated in the de-
cay chain after an α decay of 218Po at 6.1MeV also with a short half-life of 3.1min.
After the 214Pb decays, a quick β− decay by 214Bi with half-life of 19.9min and a very
quick α decay by 214Po with half-life of 164µs at 7.8MeV happen until the long living
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3.1 Intrinsic backgrounds and their reduction

210Pb with half-life of 22.3 y is generated. The short half-life of 214Po leads to special
signature of the BiPo events so that the previous β decay of 214Bi can be removed in
analysis. The 214Pb features no such coincidence so the amount of radon emanating ma-
terials has to be reduced. Measuring the emanation rates [25, 39, 40] and selecting for the
best materials became a central task. The current emanation rate gives a 222Rn activity
of 4.2

(
+0.5
−0.7

)
µBq/kg [23], but XENONnT has a goal of < 1µBq/kg so the permanently

emanated radon has to be removed online resulting in an equilibrium. The removing is
performed by a cryogenic distillation system which will be presented in the next section.
It reduced the activity in a first step to 1.7µBq/kg [18, 20, 22, 23, 26, 41]
As a summary, the intrinsic backgrounds not affected by the self-shielding do the largest

contribution to the ER background until 140 keV. The latest ER background fit from the
first science run (SR0) of XENONnT is shown in Figure 3.2 [20]. Belonging to the back-
ground model are 214Pb, 136Xe, 133Xe, 124Xe and 85Kr. The on purpose introduced calibra-
tion source 83mKr shows only one peak at ≈ 38 keV. The background from the materials
has in the fiducial volume only a small constant contribution of 2 (t y keV)−1. And the
only small external background by solar neutrinos is also around 2 (t y keV)−1 and can
not be avoided easily. 85Kr is strongly suppressed and only contributes with a constant
background of < 1 (t y keV)−1. Dominating backgrounds beyond the ROI (1,13) keV are
136Xe, 133Xe and 124Xe. But still dominating source in the ROI is 214Pb with a contribu-
tion of 5 (t y keV)−1, although the result shown here has a 222Rn activity of 1.7µBq/kg.
Therefore, it is crucial to further reduce the 222Rn activity.

and daughter of 214Pb in the decay chain, respectively. We
used the 214Pb spectrum from [37] that is calculated as a
forbidden transition. The 220Rn rate is less than 5% of the
222Rn rate and thus the β decay of 212Pb is not included in
the background model.
The natKr concentration was measured to be

ð56� 36Þ ppq. The abundance of 85Kr in natKr is taken
as 2 × 10−11 based on seasonal measurements of 85Kr
activity in the LNGS air of 1.4 Bq=m3, which is consistent
with [38]. Those measurements are then propagated to
constrain the 85Kr rate with an uncertainty of ∼66%,
dominated by the natKr concentration measurement.
Gamma-ray backgrounds from materials are found to

have a flat spectrum below 140 keV in the fiducial volume
from GEANT4 simulation [39,40]. We expect the rate
to be ð2.1� 0.4Þ events=ðton × year × keVÞ (abbreviated
as events=ðt · y · keVÞ for the rest of the Letter), where the
uncertainty originates from the simulation and from the
measurement uncertainties of material radioassay [10].
Having successfully reduced other sources, the two-

neutrino double-beta (2νββ) decay of 136Xe becomes an
important background in this analysis, overtaking 214Pb as
the dominant component above 40 keV. This background is
constrained by an in situmeasurement of the xenon isotopic
abundance with a residual gas analyzer and the half-life
from [41]. We also allow for a shape change to account for
the uncertainty on the theoretical calculation of this
spectrum, ∼1.5% in our ROI and specifically whether this
isotope is better described by the higher state dominance
[42] or single state dominance [43] model of 2νββ decay.
The double-electron capture (2νECEC) decay rate of

124Xe is left unconstrained in B0. The energy spectrum
adopts the updated model of [44], which takes into account
the contributions from higher atomic shells compared to [1]
and uses fixed branching ratios. The reconstruction of the

dominant double-K-electron capture peak at 64.3 keV was
also used as validation of the energy reconstruction.
The spectrum of electron scattering from solar neutrinos

is computed as in [1]. We assign a 10% solar neutrino flux
uncertainty based on the Borexino measurement [45]. 133Xe
was produced by neutron activation from the 241AmBe
calibration several months before the SR0 science data
taking and a tiny fraction survived to the start of SR0.
Given that it does not impact the low-energy region and this
rate is small, the background is allowed to vary freely in the
fit. Trace amounts of 83mKr leftover from calibrations are
also present in the SR0 data, the rate of which is also left
unconstrained.

FIG. 3. Science data (black dots) in the cS1-cS2 space,
overlaid on 220Rn data (2D histogram). The WIMP search
region (orange) is still blinded and not used in this search.
Regions (gray shaded) far away from the ER band are excluded
to avoid anomalous backgrounds. Iso-energy lines are repre-
sented by the gray dashed lines.

FIG. 4. Fit to SR0 data using the background model B0. The fit
result of B0 is the red line. The subdominant AC background is
not shown.

FIG. 5. Data and best-fit B0 model below 30 keV. No
significant excess above the background was found. The bump
at ∼10 keV is from the LL shell of 124Xe 2νECEC [44], while the
discontinuity at 10 keV is caused by the blinded WIMP search
region; see Figs. 1 and 3. A finer binning than in Fig. 4 is used to
show the event rate change near the threshold.

PHYSICAL REVIEW LETTERS 129, 161805 (2022)
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Figure 3.2: Fitted ER background model B0 of XENONnT SR0. The dominating background in
the ROI (1,13) keV is 214Pb with a constant contribution of 5 (t y keV)−1 at a 222Rn
activity of 1.7µBq/kg. [20]
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3 Backgrounds and reduction methods

3.2 Radon background reduction by online distillation
5
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Fig. 3: Scheme of a multi-stage distillation tower with
n plates, where the less volatile component is the con-

taminant (green dots). The incoming flow F with the
contamination concentration cF in the feeding section
is enriched in the stripping section below to a contam-

ination concentration cB in the reboiler. In the case of
radon, it is trapped inside the reboiler until it decays,
and therefore, no bottom product extraction is required
(B = 0). In the rectifying section, above the feed, the

contamination is depleted to a concentration cD in the
output flow D at the top condenser. Furthermore, the
liquid flows L, L′ and gaseous flows V , V ′ of the related

sections are shown. The factor q indicates if the feed is
gaseous (q = 0) or liquid (q = 1).

stages, the fraction of the contaminant in the xenon will
successively decrease.

At the top, the concentration of the contaminant is
at its minimum. While a part of the vapor is liquefied
with the help of the top condenser and fed back to the

column with a flow rate L, a fraction of the gas is re-
moved as purified xenon at a flow rate D. The ratio

between the flows L and D is defined as the reflux ratio

R. In the same manner, a second ratio R′ can be found
at the bottom. However, since no xenon is extracted
at the bottom (B = 0), the same flow that is enter-

ing the reboiler as liquid needs to be evaporated again.
Therefore, R′ becomes infinity:

R =
L

D
and R′ = lim

B→0

V ′

B
=∞. (16)

The stripping section and the rectifying section are con-
nected by the feeding section, where xenon is injected
at a flow rate F . It is added to either the up-streaming

vapour V in the rectifying section or to the
down-streaming liquid flow L′. This depends on the
state of the injected matter (gaseous or liquid), denoted

by the caloric factor

q = (L′ − L)/F. (17)

For the following calculations a saturated liquid feed
at the boiling point (q = 1) is assumed. As consequence,

the injected xenon is added to the down-streaming liq-
uid flow L′. In the McCabe-Thiele diagram, the con-
centrations of the less volatile noble gas in the gaseous

xenon phase (yRn) and in the liquid xenon phase (xRn)
are plotted against each other in an equilibrium dia-
gram. For constant temperature and pressure, the sys-

tem drifts to equilibrium based on the concept of vapor
pressure as described above. For each local concentra-
tion xRn = (1 − xXe) of the contaminant in the liquid
phase, there is a certain equilibrium concentration yRn

in the vapor phase. For very low concentrations with
xRn · (α− 1)� 1 this relation can be expressed by

yRn =
α · xRn

1 + (α− 1) · xRn
≈ α · xRn. (18)

In the diagram, this is called the equilibrium line.
Due to active heating from the bottom and cooling

from the top, the upward gaseous (V, V ′) and downward
liquid (L,L′) flows are created along the column and as
consequence, the equilibrium inside the system is dis-
turbed due to the mass flow. As a result of that, the

actual concentration of the contaminant in the gaseous
phase related to the concentration in the liquid phase
is described by operation lines for each of the three sec-

tions. Between the equilibrium line and operation lines
a forcing concentration gradient is ensured, driving the
system toward the equilibrium via mass transfer be-
tween the ascended gaseous stream and the descended

liquid stream.
During stable operation, the incoming xenon feed

flow F requires to be equal to the outgoing xenon flow

D yielding the total mass balance

F = D. (19)

Figure 3.3: Concept of a McCabe-Thiele distil-
lation method without extraction of
the contaminant. Liquid (gaseous)
streams are dark (light) blue, green
dots represent the contaminant. At
the top of the distillation column
is a condenser and at the bottom
a reboiler. Between stay n plates
for the distillation stages. The con-
taminant is enriched in the bottom
stripping section, the feeding sec-
tion is the inlet of the contaminated
liquid/gas and at the top rectify-
ing section the contaminant is de-
pleted where a fraction of purified
gas streams out. [26]

As it became clear in the previous section,
reducing the 222Rn activity is one main goal
for reaching the best sensitivity. If the em-
anation is reduced at its best by selecting
low emanating materials, one has to con-
stantly remove the radon. It is done by a
cryogenic online distillation [26] which was
first demonstrated in one previous exper-
iment XENON100 [24]. The concept and
the currently used radon removal system
will be shortly introduced in the following.
The radon removal system (RSS) is

based on a McCabe-Thiele approach which
traps the liquefied radon at the bottom
of a tower and extracts gaseous xenon at
the top. The trapped radon decays with
its half-life of 3.8 d so this concept works
without any extraction and thus any loss
of xenon. The schematic method of a dis-
tillation tower with a reboiler at the bot-
tom and a condenser at the top is shown in
Figure 3.3. Liquid streams are dark blue,
gaseous streams light blue and the radon
symbolized by the green dots. The tower
is divided into three parts: the lower strip-
ping section with the reboiler, the middle
feeding section with the inlet and the upper
rectifying section with the condenser and
the outlet. The inlet in the middle left of
the tower with stream F can insert contam-
inated LXe with stream qF and GXe with
stream (1− q)F . The LXe streams down-
wards to the reboiler and the GXe upwards
to the condenser. The streams of the LXe
or GXe are in the stripping or rectifying
section L′/L respectively V ′/V .
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3.2 Radon background reduction by online distillation

An arbitrary number of plates n acts as distillation stages. These ensure a heat exchange
between up- and downstream, which leads to a liquefaction of upstreaming gaseous radon
and boiling of downstreaming LXe. In a single stage a radon reduction of 1

α
= PXe

PRn
= 10

at −98 ◦C is performed, which is based on the ratio of the vapor pressures P of the two
contributing gases. The purified xenon at the top can be either stream out with stream D

or be condensed and injected to the recirculation with stream L. For reducing the activity
from the initial 4.25µBq/kg to < 1µBq/kg, a destination flow of F = D = 71 kg/h
(200 slpm (standard liter per minute)) was set. [26] 9
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Fig. 5: Layout of the radon distillation system. The four main components are the top condenser, the reboiler,

the package tube and the compressor. The cooling concept is based on a Clausius-Rankine cooling cycle with
phase-changing cooling medium indicated by the numbers (1) to (4).

during operation, the entire system is equipped with
32 Resistance Temperature Detectors (RTDs) (Honey-
well HEL-705), four silicon diodes (Lakeshore DT670D-

CU), 13 pressure sensors (Wika WU20), four differen-
tial pressure sensors (Baratron 226A), and a vacuum
pressure sensor (Thyracont VSM77DL), all controlled

by a Programmable Automation Controller (PAC) from
General Electric (GE RX3i) on the hardware side and
Cimplicity SCADA (Supervisory Control And Data Ac-
quisition) on the software side in the private front-end

network of XENONnT.

Furthermore, to minimize external heat inputs, the

inlet and outlet LXe tubes connecting the RRS to the
LXe Purification system as well as the full distillation
system are encapsulated in an insulation vacuum. The

top condenser insulation chamber features a diameter
of 650 mm and a height of 658 mm, the reboiler ves-

sel a diameter of 750 mm and a height of 758 mm and
the two-component package tube vessels a diameter of
300 mm and a height of 712 mm each.

Package Tube

The package tube extending into the top condenser in-
sulation vessel as well as into the reboiler vacuum cham-
ber has a total height of 1900 mm and is made of three
segments: The bottom segment that connects to the re-

boiler is a stainless steel tube with a height of 920 mm
and diameter of 200 mm. A custom-modified Conflat
(CF) flange at its top features two feedthroughs for

GXe and LXe feed tubes. In order to spread the incom-
ing LXe around the whole package diameter equally,
a distributor is connected to the LXe feedthrough on

the inside. The top segment is a stainless steel bellow
with eight windings, a wall thickness of 0.2 mm and a

Figure 3.4: LXe (dark blue) and GXe (light blue) flows within the radon removal system. The
Claudius-Rankine cycle (heating, compression, cooling, expansion) of the circulating
xenon supports the coupling of the needed cooling and heating power. [26]

Based on the theoretical concept, the RRS was constructed to extract a fraction of
LXe from the purification system on the one hand and on the other hand GXe from the
gaseous phase in the TPC which was liquefied before by the CRY (see Figure 2.5). The
two operation modes should both reduce the activity by a factor of ≈ 2. The implemented
RRS with its gas (light blue) and liquid (dark blue) flows is shown in Figure 3.4 [26]. The
theoretical plates in the distillation column from Figure 3.3 were changed to a package
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3 Backgrounds and reduction methods

material with large surface for high energy exchange similar did in [36] with the same
material [42]. The xenon flows through a thermodynamic Claudius-Rankine cycle (number
1 to 4) to couple the needed heat and cooling power (each 3 kW) so that the needed liquid
nitrogen (LN2) for cooling and the electrical power in the reboiler is minimized. The cycle
in the LXe mode works as follows: 1a LXe gets boiled and thus streams upwards through
the packing material of the distillation column. A part of it is condenses at the copper fins
cooled by LN2 and recirculates, the other part 1b streams out to a heat exchanger (HE)
1c where it is heated by other GXe to room temperature for getting compressed 1d. The
compressed and warmed-up GXe 2a streams back to the HE and is cooled down in a first
sequence 2b by the incoming GXe from step 1c. It is cooled down in a second stage in a
spiral HE 2c which is located in the liquid phase of the column at the top reboiler. After
that, the still gaseous and compressed xenon streams further to the volume at the bottom
reboiler where it condenses at the copper fins 3 which guarantee an energy exchange to the
LXe in the top reboiler. At the end of the cycle, liquefied xenon streams either through
a bypass again in the distillation column and expanses 4 or is returned to the LXe PUR.
The bypass was only applied for testing the RRS without the other components of the
experiment. For best performance at a flow of 71 kg/h (200 slpm), a powerful and low
emanating compressor has to be used. Therefore, a four-cylinder magnetically-coupled
piston pump (4MP) [43] was constructed. [26]
All in all, the RRS reached a flow of (91± 2) kg/h ((258± 6) slpm) which should result

in a reduction factor of 4.7 for reaching the goal activity of < 1µBq/kg. During SR0
of XENONnT, only the GXe mode could be applied because the LXe induced too much
electronegative impurities. A reduction down to 1.7µBq/kg was accomplished in this way.
After SR0, the LXe mode could be additionally introduced which resulted in the destined
< 1µBq/kg. [20, 26]

3.3 Background monitoring

For checking whether the RRS or switching materials have led to a lower 222Rn activity,
one has to monitor it, like it will be presented in chapter 4. The general concept of this
analysis and how to do it is described in the following.
Finally, we want to estimate the background induced by 214Pb. A direct energy solved

detection of the continuous β spectrum is complex and disturbed by other decays (see
Figure 3.2) but the α decay rate of 218Po at 6.1MeV and 214Po at 7.8MeV give a good
upper and lower limit, because the decay chain runs relatively quick. Due to the high
energies and the mono energetic α decay and hence such a S1, less disturbances interfere
their screening. 214Po, which gives the lower limit, has a very short half-life of 164µs
and therefore can be merged with the previous 214Bi, as already presented in section 3.1.
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3.3 Background monitoring

But the 214Bi decay usually generates multiple S2s which lead to a wrong S1/S2 merging
of the 214Po and so to a wrong drift time and positional reconstruction. Therefore, the
signals have to be individually merged, which represents an own analysis not done here.
Another method would be an S1 only analysis like in [44] which would require more own
corrections and removing of e.g. wall background events which are usually identified by
positional reconstruction.
Only the estimation of the upper limit by 218Po with usage of S2 will be done. For this,

first the signals of the PMTs have to be processed to built up events and their variables.
For this purpose, the data processor STRAXEN (streaming analysis for XENONnT) [45]
calculates th high level data including events with matched S1s/S2s. In a next step, the
data can be corrected for e.g. dependencies of the S1 on geometric effects, done every
two weeks by the well-known coincident decay lines of 83mKr at 32.2 keV and 9.4 keV [46],
which should result in a fixed value for S1 at any place in the detector. Other corrections
are done concerning the field inhomogeneity, electron extraction out of the LXe and further
electrical effects. After these corrections, S1/S2 turn to cS1/cS2. [20]
Before the events are analyzed, usually basic quality cuts are applied for removing noise

and falsely merged events or to set a ROI. After that, sometimes further own corrections
have to be done because the corrections done by STRAXEN are optimized for the low
energy range. At the end, the Gaussian peak area of the cS1 α spectrum can be fitted as
a value for the events. The whole procedure will be presented in the next chapter.
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4 Radon background estimation

The published 222Rn activity of 1.7µBq/kg1 during the first science run SR0 will be
checked by taking a different approach than the original analysis. The published value
was estimated by using both a S1-only approach and a S1 and S2 analysis. Both used
an own S1 correction and a “by eye” data selection. After that, the peaks were fitted
with an unbinned likelihood method. In this analysis, a S1 and S2 analysis will be done
by using the corrections from STRAXEN 1.7.2. Only a few data cuts which only lower
the background and not affect the signal will be applied in section 4.1. Small additional
corrections will be added in section 4.2 to shape peaks more Gaussian-like and at least
the spectrum will be fitted in section 4.3 with a Poisson-likelihood chi-square function
[47] using the minimization tool iminuit [48]. Based on that, the reduction of the 222Rn
activity will be calculated in subsection 4.3.4.
Although the α analysis is done in the high energy regime and therefore has less dis-

turbing signals, some background arising from 220Rn at 6,4 keV and its daughter 212Bi at
6,2 keV affects the signal of 218Po at 6,1 keV. Moreover, 220Rn was introduced as a high
activity calibration source during SR0 and thus its usual > 100× lower rate [18] was
increased before taking science data. Additionally, the usage of less cuts leads to more
background which should be considered in the background model. As a consequence, the
spectrum parameters of peak width and position have to be well known for limiting them
in the fits with constraints. These are additional parabolic terms to the cost function of
a custom amplitude which can act as a local minimum. The values for the constraints of
220Rn and 212Bi will be determined by using also the 220Rn calibration data in section 4.3.

4.1 Applied data cuts for extraction of usable data

Cutting data for an analysis is crucial in order to remove background or to have more com-
puting resources by loading less data. In Figure 4.1 the whole data spectrum taken from
XENONnT is shown in a cS1/cS2 two dimensional histogram in th units of PE (photoelec-
trons) with the number of entries for each bin. For this example, only background data
was used so no large activity of calibration sources should be present. A band without any
data at cS1 = 27 kPE is blinded for the neutrinoless double beta decay. Most of the data

1The original analysis gives this value for the 218Po activity but this upper limit is always presented as the 222Rn
activity.
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4 Radon background estimation

has cS1 < 30 kPE but the α decays are in the high energy ROI of 40 kPE < cS1 < 70 kPE,
what is only 1.4% of the whole data shown here. 222Rn is located at 54 kPE and 218Po at
59 kPE and both have a likely cS2 = 2 · 104 PE. At smaller or higher cS2 are backgrounds
from β or γ radiation of different isotopes.

Figure 4.1: cS1/cS2 histogram of the whole spectrum in the unity of photoelectrons (PE). The
band without data at cS1 = 27 kPE is blinded for the neutrinoless double beta decay.
α decays are in the high energy ROI at 40 kPE < cS1 < 70 kPE, where 222Rn is
located at 54 kPE and 218Po at 59 kPE with both cS2 = 2 · 104 PE.

Drift time cut

A further reduction of unnecessary data can be archived by excluding the events appeared
in the GXe. TPCs are planned for events in the LXe whose charges drift to the GXe
whereas one can get no important information from gas events. They have all a relative
low drift time and thus a limit of tdt > 5 · 104 ns is set. In Figure 4.2 on top, the cut is
shown in the drift time/S1 area fraction top (AFT) histogram. The AFT is a low level
data parameter calculated via the fraction of the S1 detected at the top PMT array, why
it is an additional indicator in which height the event happened.
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4.1 Applied data cuts for extraction of usable data
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Figure 4.2: Applied drift time cut excluding gas events with tdt < 5·104 ns. (Top) S1 area fraction
top (AFT)/drift time histogram shows the excluded events. At the included events
the correlation between S1 AFT and drift time is visible as a band. (Bottom) cS1
spectrum without and with the drift time cut. Applying the cut leads to removing of
much background which leads to a better visibility of the α peaks of 222Rn (54 kPE),
218Po (59 kPE), 220Rn (62 kPE) and 216Po (67 kPE).
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4 Radon background estimation

By applying this cut, 68% of the events are excluded. The remaining events at higher
drift times show the correlation of S1 AFT and drift time visible in a band. At the bottom
of Figure 4.2 the cS1 spectra by using the cut are compared. The visibility of the 222Rn and
218Po peak is improved and another two peaks at 62 kPE and 67 kPE with a > 20× lower
amplitude stay out which correspond to 220Rn and 216Po. But still a huge background at
cS1 < 53 kPE dominates the spectrum.

S1 Area Fraction Top cut

As an additional cut for removing background, the S1 AFT cut, defined by the XENON
collaboration 2 , will be applied on the 220Rn data. The usage of it influences on the
number of α peak events which does not matter regarding the 220Rn data only used for
getting constraints on peak width and position. The science data, for which the 222Rn
activity has to be calculated, would be too much influenced by this cut.

Like shown at the previous drift time cut, the S1 AFT and drift time have a correlation.
The fraction of light which is collected by the top array P can be written as binomial
distribution whether the whole light S1 detected with a probability AFT and a number
S1top at the top or with probability (1− AFT ) at the bottom PMT array:

P = S1!
S1top!(S1− S1top)! AFT

S1top (1− AFT )S1−S1top (4.1)

where the factorial is translated to a Γ function because of the not integer like AFT to

P = Γ(S1 + 1)
Γ(S1− S1top + 1)Γ(S1top + 1)AFT

S1top(1− S1top)S1−S1top . (4.2)

The values for the probability AFT dependent on the drift time are extracted from
geometrical effects which also occur in the S1 correction by using 83mKr. Another approach
would be an optical simulation which has not been fully finished. To the resulting drift
time dependence line an arbitrary deviation tolerance for included events is added where
the value is set “by eye”.

2following definition available at internal communication and not published, only mentioned in [29, 49]
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4.1 Applied data cuts for extraction of usable data
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Figure 4.3: S1 area fraction top (AFT) cut applied on 220Rn calibration data with accepted (red)
and excluded (blue) events. (Top) S1 AFT/drift time histogram shows the accepted
events within the linear dependence band. (Middle) In the cS1/cS2 parameter space,
the background of the α peaks at 3 · 104 PE < cS2 < 1 · 107 PE is removed whereas
the distinct populations are accepted. (Bottom) next page.
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Figure 4.3: The cS1/cS2 histogram of the excluded events shows that the α populations are also
partly removed by the S1 AFT cut.

The S1 AFT cut applied on 220Rn data is shown in Figure 4.3 with the excluded data
in blue and the accepted in red. In the top plot, the S1 AFT/ drift time histogram shows
clearly the accepted band on data whereas the blue data shows an unphysical behavior and
thus is excluded. This unphysical behavior can be based on ACs which appear especially at
a high data rate like in a 220Rn calibration. The middle plot shows the cs1/cs2 histogram
from which a broad constant band of background in 3 · 104 PE < cS2 < 1 · 107 PE is
removed. The background could originate from the involved β decays whose S1 is added
by another α S1 and thus falsely reconstructed. However, the cut leaves the α peaks but
as shown in bottom plot (next page), where only the excluded events are plotted, the cut
also rejects events within the peak cs1/cs2 parameter space.

Loaded data

After reducing the amount of data to load, one can easily look at the whole SR0 data over
time in the ROI shown as a cS1/time histogram in Figure 4.4. SR0 was from 1st May,
2021 to 30th November, 2021, where at the beginning only commissioning was executed
and the science data began at 6th July, 2021. The head of the graphic shows at which
time 220Rn or 83mKr calibration data or background data was measured. 83mKr was used
usually every 2 weeks for a calibration but 220Rn only in the commissioning phase until
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4.1 Applied data cuts for extraction of usable data

end of June. Looking at the cS1 spectrum, one can see that the peak position of 222Rn and
218Po varies in the commissioning phase which is based on the light yield which describes
how much S1 gets produced at which energy. During the science data the light yield stays
constant. During the 220Rn calibration a huge increase of activity can be seen at 60 kPE
which corresponds to the activity of 212Bi, a product of the decay chain. The activity
drops after the calibration and during the science data only the background peaks of
220Rn (62 kPE) and 216Po (67 kPE) are visible. The other huge background which was
not eliminated by the drift time cut is at cS1 < 53 kPE. This corresponds to the wall
background of 210Po decaying with 5,4 keV and getting produced by the wall component
210Pb. The background can thus be eliminated by using the xenon self-shielding and the
spatial resolution of the TPC in a next step.
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Figure 4.4: SR0 overview with belonging data taking modes of 83mKr and 220Rn calibration
data and background data. The α lines are homogeneously visible concerning the
activity. During the commissioning phase before July an inconstant mean cS1 of the
α lines is observable. Moreover, the 220Rn introduces a high background until July.
Furthermore, a constant background at cS1 < 52 kPE is present over time.
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4 Radon background estimation

Spatial cuts

As introduced before, a TPC features spatial resolution which can be used for fiducial-
ization because field inhomogeneities and wall backgrounds can affect events occur in the
outer parts. Moreover, only events occurred in the LXe and the electrical drift field can
be used. This fiducialization is shown in Figure 4.5, where only events with -5 cm < Z <
-130 cm and R2 < 4000 cm2 were accepted. For the following cuts the whole background
and 83mKr data was used.

On top of Figure 4.5 the Z cut is shown where the α peaks are visible as slightly
curved lines in the cut area. The events are homogeneously distributed along the peak
line. Beyond the cut cS1 drops and therefore the events in these regions can not be
used. At Z > −80 cm the 210Po background is visible at 50 kPE. Although 210Po should
be homogeneous distributed along the detector wall, it could be possible that it is only
visible at higher Z because the corresponding S2 only reaches there the top PMT array.
At lower Z the charges could drift into the wall because of the field inhomogeneity.

The R cut with data after applying the Z cut is shown on the bottom of Figure 4.5 as
a cS1/ R2 histogram. One can see directly the excluded events at mainly cS1 < 52 kPE
which supports the origin of 210Po as a wall background. The lines of the α peaks are once
again visible with a homogeneous distribution of the events within the line. But all lines
show an oscillating dependence of the cS1 on R2, which could arise from the finite quality
of the correction.

Summarizing the spatial cuts in Figure 4.6 the background was further reduced by
removing 210Po as a wall background. This can be seen in the top histogram especially in
the top right corner and in the bottom cS1 spectrum at cS1 < 50 kPE after applying the
R cut. A homogeneous distribution of the events in the fiducial volume was archived and
now the α peaks have an amplitude of > 200× (222Rn and 218Po) and > 10× (220Rn and
216Po) higher than the background. But as already noted, the cS1 shows a dependence
in Z and R which leads to a non-Gaussian peak shape and thus in a fewer compatible fit
model and less robust fits when using Gaussian peaks. As a consequence, the dependencies
have to be corrected before fitting the spectrum.
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4.1 Applied data cuts for extraction of usable data
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Figure 4.5: (Top) Z cut removes the on Z dependent cS1 events at Z < -130 cm and Z > -5 cm
which arise from field inhomogeneities. (Bottom) R cut removes wall background at
R > 4000 cm2 below 52 kPE. The α lines show all the same oscillating R dependence.
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Figure 4.6: (Top) The fiducial volume of the analysis shows in a R/Z histogram a homogeneously
distribution of the events. At low Z and high R the wall background by 216Po can
be observed. (Bottom) cS1 spectra before and after the spatial cuts. The Z cut
removes background all around the peaks whereas the R cut especially removes the
background at < 52 kPE so that the α peaks reach a higher visibility.
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4.2 cS1 peak shape corrections

4.2 cS1 peak shape corrections
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Figure 4.7: cS1/Z histogram shows the dependence and the fitted mean values of the Z slices
with a 3rd order polynomial. The fit matches the data.

In the previous section it was demonstrated that the cS1 shows dependencies on Z and R
which originate from the imperfect corrections. Using the current values for cS1 resulted in
spectrum fitting difficulties because of the peak shape. For this reason an own additional
correction on Z and R will be applied in the following turning cS1 to ccS1, which will
improve the Gaussian-like peak shape. The procedure for a correction is to find a function
describing the dependence, then fit it to the data and set all the data to the same arbitrary
value using the function. In this work, the 222Rn line was selected in the 2d histogram
and for every Z or R bin the mean cS1 value was calculated. The errors of the fitted mean
values are set inverse proportional to the counts of the bin and are fitted with a least
square method. The fit parameters are given in the appendix.
Figure 4.7 shows the fitted Z dependence in a cS1/Z histogram. The histogram was

divided in 80 Z slices whose mean cS1 were fitted with a 3rd order polynomial, which
describes the dependency well.
The fitted dependency of cS1 on R at the mean value of 100 R slices is displayed in

Figure 4.8. Because oscillations are involved with a varying frequency and amplitude, a
sine with a 5th order polynomial for frequency changing and parameters a, b and c for
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4 Radon background estimation

amplitude on the correct cS1 were used:

f(x) = (ax+ b) sin(O(x5)) + c (4.3)

The fit does not match to the first and last period but is good enough for improving
the peak shape. A better result would be reachable if a higher order polynomial would be
used in the sine.

After the values for the correction functions were determined, the peak shape can be
improved. As an example, the peak of 222Rn is used to show the enhancement in Figure 4.9.
The Gaussian fit was performed to the uncorrected data, only Z corrected data and R and
Z corrected data. The uncorrected peak gives a width of σ = (445.0 ± 1.2) PE and a
reduced chi square of χ2

red = 2.00 ± 0.12, the Z corrected σ = (433.5 ± 1.2) PE and
χ2

red = 1.81± 0.12 and the R and Z corrected σ = (420.9± 1.1) PE and χ2
red = 1.73± 0.12.

Consequential, the corrections lead to a better Gaussian shape and a smaller width which
support robust fitting. Now the ccS1 spectrum is prepared to be fitted.
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Figure 4.8: cS1/R histogram with the fitted R correction function to the mean cS1 value of the
R bins. The fit matches at low and high R2 not the oscillation perfectly but as good
as necessary.
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Figure 4.9: (caption on next page)
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Figure 4.9: Comparison of the 222Rn without own corrections (top), only Z corrected (middle)
and R and Z corrected (bottom). The corrections lead to a lower reduced chi square
of the Gaussian fit and a peak smaller width.

4.3 Rate evolution

After the preparation of the data, the ccS1 spectrum can be fitted. The goal of a temporal
evolution in the activity is reached if the resolution in time is best so the spectra will only
have a relatively low event rate. The errors for counts in a binned counting experiment
follow a poisson distribution which is approximated as Gaussian errors at high bin counts.
But the bin counts in the following spectra will be n < 10 beside the α peaks. Therefore,
a least squares approach with Gaussian errors can not be applied and a Poisson-likelihood
chi-square cost function is used. According to [50] it gives a deviation χ2 for the nmeasured
values Mi and the predicted values µi(θ) dependent on the model parameters θ with

χ2
Poisson = 2

n∑
i=1

(
µi(θ)−Mi +Mi ln

Mi

µi(θ)

)
(4.4)

and for zero count bins it is used
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4.3 Rate evolution

(
χ2
)
Mi=0

= 2µi(θ). (4.5)

The spectrum model consists of the five involved α decays of 222Rn, 218Po, 212Bi, 220Rn
and 216Po with a Gaussian peak contribution and a constant background motivated by
the ccS1/cs2 histogram discussed later. Because the light yield varies, the peak positions
are set in relation to the disturbance free 222Rn peak. This section will first estimate
constraints on the peak position and width of the α peaks also with 220Rn data in the
next subsection. After that in subsection 4.3.2, a quick overview over the 222Rn science
data will be given. The fitted spectra are discussed in subsection 4.3.3 and the radon
reduction is calculated at the end in subsection 4.3.4.

4.3.1 Spectral constraints on 220Rn and daughters
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Figure 4.10: ccS1 spectrum of 3 months of science background data for estimating constraints on
the α peaks. Huge deviations of the model are at the lower ccS1 flank of the peaks
which could originate from a varying light yield. The α peaks except 212Bi can be
good observed for setting constraints.

The first constraint is set on 220Rn and 216Po by analyzing most of the science data
from 20th August, 2021 in one spectrum where only little 212Bi affects 220Rn and 218Po.
The light yield is relatively constant so that the peak positions do not vary critically
and thus would broaden the peaks. This complete spectrum is shown in Figure 4.10.
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4 Radon background estimation

The bad χ2
red = 3.44 ± 0.10 is based on the lower ccS1 flank of the peaks and the non

constant background where relative high residuals contribute to the χ2
red. This could be

connected with a variation of the light yield and the not constant nature of the background
source. But as a spectrum for setting constraints on 220Rn and 216Po, their peaks match
good enough. One finds for both a likely width of σ ≈ 500PE and for 222Rn and 218Po
σ ≈ 430PE. The positions are 222Rn at 54 kPE, 218Po 1.09× higher, 220Rn 1.15× higher
and 216Po 1.24× higher.
In the next step, the 220Rn calibration data is used for setting constraints on 212Bi.

The ccS1/cS2 histogram after the S1 AFT cut is displayed in Figure 4.12. At 60 kPE a
second population with higher cS2 than the other α decays is observable directly next to
the 212Bi population which has the highest activity. The new population could belong
to wrongly matched S2s or additional S2s mixed to the originals. In this way it could
affect the original correction for the cS1 due to the drift time but in a first order, it is
approximately located at the expected ccS1. Beyond this population, the peaks are nearly
without any other background.
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Figure 4.11: Fitted ccS1 spectrum of the 220Rn calibration data for setting constraints on the
highest contributing peak of 212Bi.
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Figure 4.12: ccS1/cs2 histogram of 220Rn data. The α peaks are nearly background free due to
the S1 AFT cut. An additional population at 60 kPE and a higher cS2 = 105 than
the other alpha peaks is observable which could belong to wrongly matched S2s.

The fitted 220Rn calibration data ccS1 spectrum is shown in Figure 4.11. It is obvious
that 212Bi has the highest activity in the data, although a 220Rn source is used for the
calibration and 212Bi only decays with one third by α emission. The reason for that
could be the short half-life of 220Rn (55.6 s) so that most of it is already decayed after the
induction and more of the longer living product 212Pb (10.64 h) is inserted. However, the
high 212Bi activity makes the constraining on it possible. Although the fit converges only
at χ2

red = 2.14 ± 0.15 and most of the χ2 is introduced between 218Po and 212Bi, the fit
matches the 212Bi peak good enough for an estimation of the width σ ≈ 470PE and the
ccS1 position 1.11× higher than 222Rn.
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4.3.2 Data overview
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Figure 4.13: Overview of the analyzed data. (Top) The ccS1/cS2 histogram displays clear α
populations which are embedded in two slight background bands: The constant one
at higher cS2 and a with ccS1 decreasing one at lower cS2. (Bottom) The time/cS2
histogram shows that the origin of the lower cS2 background arises from 83mKr
calibrations and the higher cS2 background is constant over the whole time.
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Figure 4.14

Most of the requirements for robust fitting of the spectra is given. As a last step, a further
view on the analyzed data is given. Figure 4.13 shows on the top plot the ccS1/cS2 his-
togram of the whole analyze data. In addition to the α populations, a constant background
over the whole ccS1 spectrum with higher cS2 and one with ccS1 decreasing background
at lower cS2 are observable. For clarifying the background source, in the bottom plot the
cS2 dependent on the time is constructed in a histogram by looking at the different data
modes. A direct correlation between the low cS2 background and the 83mKr calibration is
obvious so that this background will not contribute most of the time in the spectra. The
other background has no time dependence and thus can be added to the spectrum model
with a constant coefficient.
The temporal distribution of the ccS1 of the analyze data in Figure 4.14 shows that the

220Rn calibration in June 2021 leaves fragments in the spectrum so that the calculated
218Po rate could be affected. The rest of the used science background data and 83mKr data
after July shows a homogeneous distribution and a nearly constant light yield.
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4.3.3 α spectrum analysis

Time bin #44 from 2021-07-28T23:26 to 2021-07-30T23:50
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Figure 4.15: Example for a fitted ccS1 spectrum for estimating the radon activity. Looking at
the residuals, the model is in a good agreement with the data.

The spectra were fitted by using a time window of ≈ 2 days per spectrum. The peak po-
sition and width for every isotope except 222Rn were constrained for a better convergence.
Spectra with less detector live time than an hour were left out. An example for a fitted
spectrum is shown in Figure 4.15. The χ2

red = 0.96± 0.10 stays for the good matching fit
model. The residuals are homogeneously distributed around 0 except for the area between
220Rn and 216Po where many zero count bins are located. But the important peaks of
222Rn and 218Po are in a good agreement with the fit model so the time range chosen for
the bins is not too small.
The χ2

red of all spectrum fits is given in Figure 4.16. Very small values belong to little
detector live time during the time window. The high values before June have their reason
in the high background and the quickly varying light yield (see Figure 4.14). From August
on the desired value of χ2

red = 1 was mostly not reached because the peaks of 220Rn and
216Po had too less statistics and did not match the model or the unconcerned background
after a 83mKr calibration. This background could be added for spectra after a calibration.
The 220Rn background was found to be typically > 20× lower than 222Rn. This could

come from the different concentration of 224Ra and 226Ra and the short half-life of 220Rn
(55.6 s) which would lead to a non homogeneous distribution in the whole xenon handling
system.

38



4.3 Rate evolution

2021-05-01
2021-05-26

2021-06-19
2021-07-14

2021-08-08
2021-09-02

2021-09-27
2021-10-22

2021-11-16
2021-12-11

0.6

0.8

1.0

1.2

1.4

1.6

1.8

Re
du

ce
d 

2

Figure 4.16: χ2
red for the fitted spectra at different times. Huge values at the beginning correlate

with higher background and an inconstant light yield. Smaller values than 1 corre-
spond to time bins with lower detector live time. Most of the spectra after July 2021
have χ2

red > 1 because the fit model matches on the one hand imperfect with low
statistic 220Rn and 216Po and on the other the background was only approximated
as constant.

4.3.4 Background reduction

As the peak areas are fitted and thus the number of events is known, the rate can be
calculated by using the live time via the given detector run times. A correction of this by
subtracting the detector dead time has to be done. Therefore, the temporal veto cuts are
applied called DAQ (data acquisition) cut and run boundaries cut, which remove all events
which were measured only partial. The DAQ veto restricts events which were measured
during the DAQ was busy and the run boundaries when the run started or ended. For the
whole cut data set of 224728 events, 264 events were restricted by the DAQ veto cut and
122 by the run boundaries cut which had a homogeneously distribution in time. The dead
time is supposed as a constant statistical process so that a fraction of 0.17% live time has
to be subtracted. By concerning the the fiducial volume and the density of the xenon, a
mass of 4492.1 kg is used for the calculation of the activity per mass.
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Figure 4.17: Rate evolution of 222Rn (top) and 218Po (bottom) fitted with two exponential de-
cays for changing of filter with lower emanation and the activation of the RRS,
respectively. The calculation of the first equilibrium is affected by the low number
of bins and the high uncertainties.

40



4.3 Rate evolution

The rate evolution of 222Rn (top) and 218Po (bottom) is shown in Figure 4.17. The
time values for the rate were chosen as the middle of the time bin so the distribution of
the runs within the bin was not concerned which should not affect the final equilibrium
which is calculated over several months. During SR0 two operations concerning radon
activity were executed: In April 2021, a filter in the LXe purification was changed for
lower emanation and the radon removal system was turned on at the beginning of July.
For both reductions, an exponential decay was fitted with a least square function to the
data.
The fits match all the data whereat the fits before July had too less data for a good

estimation about the equilibrium rate.
For 222Rn the activity gets reduced by a factor of 1.78 from (3.27 ± 0.06)µBq/kg to

(1.839±0.007)µBq/kg. The 218Po activity is reduced from (3.17±0.14)µBq/kg to (1.704±
0.007)µBq/kg by factor of 1.86. The 1.08× lower rate of the 218Po in comparison to the
222Rn despite the low half-life of 3.1min is explained in [44] with the cathode cleaning
effect. It is claimed that the fractional ionized isotopes after the α decay drift towards
the cathode and get deposited there. For 222Rn, about half of the 218Po atoms are ionized
after the decay.
Comparing the activities to the proposed reduction factor of 2 with an initial activity

of 4.25µBq/kg[26], the reduction factor is lower which is based on the here lower initial
activity. The published activity value of 1.7µBq/kg as an upper limit for the 214Pb decay
can be reproduced.
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5 Conclusion and outlook

Summarizing this thesis, the published 222Rn activity of 1.7µBq/kg for the first XENONnT
science run (SR0) was ratified using the different data analysis approach of less data cuts,
using the S1 corrections of the collaboration and minimizing a Poisson-likelihood chi-
square function for robust fits at low bin counts.
Chapter 2 introduced the theory for dark matter arising from astronomical observations

such as gravitational lenses and galaxy rotation curves. The direct detection of a WIMP
as the promising dark matter candidate with xenon dual-phase TPCs was presented as
the method with the highest potential. Especially XENONnT with its low background
and huge mass of 8.5 t xenon reaches high sensitivities.
The intrinsic backgrounds given as the current problem to overcome and their reduc-

tion were discussed in chapter 3. The background of 85Kr was already nearly eliminated
whereas 136Xe and 124Xe as a high energy background are hard to reduce. The main
low energy background for the WIMP search is induced by 214Pb coming from emanated
222Rn. The detector components have already been changed to low radioactive materials
but a further decrease of the low 222Rn activity of 4.2µBq/kg can be reached by the novel
online cryogenic radon removal system. A modified McCabe-Thiele distillation concept
is used, where the contaminant 222Rn decays within the distillation column and thus no
extraction, connected with xenon loss, is needed. The cooling concept combined with a
Claudius-Rankine cycle features a connection of the needed cooling and heating power and
therefore reduces the required cooling power with liquid nitrogen from 3 kW to 1 kW. The
GXe and LXe mode both should reduce the 222Rn activity by a factor of 2, respectively,
while acting with a flow of > 71 kg/h (200 slpm) so that the goal of 1µBq/kg can be
archived. This reduction can be proofed by doing an α spectrum analysis which sets an
upper limit to the 214Pb activity by estimating the 218Po activity via a Gaussian S1 peak
fitting.
This α analysis was performed in chapter 4 by preparing the data with cuts and cor-

rections and setting constraints on the peaks. A fiducialization on the spatial parameters
could reject many backgrounds by using the self-shielding of the xenon whereby back-
grounds were rejected arising from the wall, the gas or falsely corrected events in the
inhomogeneous field areas of the TPC. High energy correction deficits were revised by
applying own corrections in Z and R which led to a better Gaussian-like peak shape.
The problematic area around the 218Po peak affected by decays of 220Rn and 212Bi was
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well understood by investigating peak position and width constraints from high statistic
background data and 220Rn calibration data. By using these constraints, the temporal
rate evolution for 222Rn and 218Po could be calculated by robust fitting via a Poisson-
likelihood chi-square function despite the low statistics of only 2 d per spectrum. The
equilibrium activity at the end of SR0 is for 222Rn (1.839 ± 0.007)µBq/kg and for 218Po
(1.704 ± 0.007)µBq/kg, which supports the published value and the radon depletion by
the RRS in GXe mode only.
As an outlook, XENONnT currently takes data for the next science run with the RRS in

the LXe and GXe mode and hence a 222Rn activity of < 1µBq/kg. Lower activities should
be reachable for higher flows and larger cooling and heating power within the distillation
column. A higher sensitivity for the WIMP search with longer data taking than SR0 will
set new limits on the WIMP cross section and maybe one day proof the existence of dark
matter.
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Appendix

Fit parameters for the corrections

Using for the Z correction

f(x) = a+ b(x− x0) + c(x− x0)2 + d(x− x0)3 (5.1)

and for the R correction

f(x) = (ax+ b) sin(O(x5)) + c (5.2)
O(x5) = d+ ex+ fx2 + gx3 + hx4 + ix5 (5.3)

the fit parameters are

Z correction R correction
x0 (−110± 50) /
a (53880± 190) (4.7± 1.4)10−2

b (4.0± 1.7) (49± 27)
c (0.02± 0.05) (54030± 9)
d (−32± 7)10−5 (1.1± 0.9)
e / (2.14± 0.14)10−2

f / (−52± 6)10−7

g / (37± 9)10−11

h / (169.1± 2.8)10−15

i / (3± 240)10−17
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