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From 222Rn measurements in XENONnT and HeXe to radon mitiga-
tion in future liquid xenon experiments

While overwhelming evidence has been found for the existence of dark matter in
our universe, its true nature remains a mystery. The XENONnT experiment has
recently completed its commissioning and is now on the quest to solve this puzzle.
This endeavor is threatened by the background caused by the emanation of 222Rn.
In this work, a first estimate of the experiment’s radon concentration will be given.
Furthermore, the capabilities of the distillation-based radon removal system are
demonstrated.
For future liquid xenon (LXe) based experiments, the 222Rn-induced background
needs to be suppressed even further. A novel radon mitigation technique using
surface coatings has been investigated. Very promising reduction factors of more
than three orders of magnitude have been achieved with electrochemically plated
copper layers, applied to radium implanted stainless steel samples.
Additionally, the interactions of alpha particles from 222Rn and electrons from
83mKr have been studied in the Heidelberg Xenon (HeXe) time projection chamber
(TPC). Field dependent measurements of the electron drift velocity as well as the
charge and light yield are presented. For both, an emphasis was put on the
regime of low drift fields, to improve the modeling and reconstruction in future
LXe detectors.

222Rn Messungen in XENONnT und HeXe, sowie Methoden zur
Radonreduktion für zukünftige flüssig Xenon Detektoren

Obwohl viele Hinweise auf die Existenz dunkler Materie hindeuten, bleibt
deren grundlegende Beschaffenheit weiterhin ungeklärt. Das kürzlich in Betrieb
genommene XENONnT Experiment, begibt sich nun auf die Suche nach einer
Antwort auf diese Frage. Das Gelingen dieses Unterfangens wird maßgeblich vom
Untergrund aufgrund der 222Rn Emanation beeinflusst. Eine erste Abschätzung
der Radonkonzentration, sowie deren mögliche Reduktion mithilfe einer neuen
Destillationsanlage werden in dieser Arbeit dargelegt.
Zukünftige flüssig Xenon Detektoren stellen deutlich höhere Anforderungen an
die Reduktion dieses Untergrunds. Diese können nur mithilfe neuartiger Meth-
oden zur Radonreduktion bedient werden. Diesbezüglich wurden sehr vielver-
sprechende Ergebnisse mit elektrochemisch deponierten Kupfer Schichten erre-
icht. Mit deren Hilfe ließsich die Radonemanation von Radium implantierten
Edelstahlproben um mehr als drei Größenordnungen reduzieren.
Weiterhin wurde die Wechselwirkung zwischen Elektronen und Alphateilchen mit
flüssigem Xenon untersucht. Vermessen wurde die Feldstärkenabhängigkeit der
Xenon Szintillation und Ionisation, sowie die Driftgeschwindigkeit von Elektronen.
Ein besonderes Augenmerk wurde hierbei auf den Bereich niedriger Feldstärken
gelegt, wodurch sich die Modellierung und Rekonstruktion zukünftiger Detektoren
verbessern lässt.
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1 From dark matter particles to light
signals

There is growing evidence that our uni-
verse contains a large amount of dark mat-
ter (DM). From recent observations we know
that it is about five times more abundant
than ordinary matter [1]. With several theo-
ries being discarded already by the sustained
null results of experimental searches for DM,
proof for its true nature is yet to be found.

Darkness cannot drive out darkness:
only light can do that.
Hate cannot drive out hate:
only love can do that.

— Martin Luther King Jr.
A Testament of Hope

Finding the answer to this question would solve one of the main puzzles in today’s
physics. The present work is centered around dual-phase xenon time projection
chambers (TPCs) [2], which belong to one of several detector technologies that are
set out on this quest. This introductory chapter will start with a brief overview of
the indications for the existence of DM and the possible ways for its detection. More
complete accounts of the subject can be found for example in [3–5]. Afterwards, the
working principle of a xenon TPC is introduced using the recently commissioned
XENONnT experiment [6] as an example, followed by an outlook into the future of
this technology.

1.1 The dark matter in the universe

1.1.1 Evidence for dark matter

The earliest hints for non-luminous matter were encountered by Fritz Zwicky [7] in
the 1930s and by Vera C. Rubin [8] in the late 1970s. Both observed a mismatch in
the movement of celestial objects with their expectation from Newtonian mechanics.
It was found for example by Rubin that the outer stars of several galaxies circle their
center with velocities that are too high to remain gravitationally bound. This is
illustrated on the example of the M33 galaxy [9] in figure 1.1. It shows the rotational
velocity (rotation curve) of stars and neutral hydrogen, as a function of distance R
from the galactic center. With the declining gravitational force outside of the central
region of the galaxy, a decrease of the velocity with 1/

√
R is expected [3]. This is

in contradiction to the observed slightly increasing orbital speed as function of the
radius.
It is known that Newtonian gravity is only approximately correct. The theory of

general relativity (GR) is for example needed to correctly describe Mercury’s peri-

1



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].
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1.1 The dark matter in the universe

0657-56) shown in figure 1.2. The optical images taken by the Magellan and Hub-
ble telescopes capture the aftermath of the collision of two galaxy clusters. While
the constituent galaxies of both clusters crossed without significant interaction, the
intergalactic gas of both clusters collided and decelerated. This resulted in a signif-
icant increase of temperature and emission of X-rays as detected by the Chandra
observatory and overlain in pink. Shown in blue is the mass distribution determined
from weak gravitational lensing. It reveals a clear offset between the colliding gas
clouds containing the majority of the baryonic matter and the centers of gravity of
both sub-clusters [18]. This observations is a clear indication for a larger amount
of non-baryonic matter, showing very little self-interaction. A systematic analysis
of 72 colliding galaxy clusters determined such a displacement in the majority of
cases [19].
Furthermore, dark matter is presumed to be essential for the formation of the

large-scale structure which permeates our universe. Two different impressions of
this “cosmic web” [20] are compared in figure 1.3. Shown in blue are the results from
three different galaxy surveys [21–23], while the outcome of the Millennium N-body
simulation [24] is shown in red. This simulation tracks the formation of structures

Figure 1.3: Observed
large-scale structure in the
distribution of galaxies
in the universe (blue).
Shown in red color is the
converted outcome of the
Millennium N-body simu-
lation [24]. The simulation
reproduces very similar
structures as are observed
in today’s universe from a
slightly perturbed initial
DM distribution. Figure
adapted from [25].
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in a virtual universe following the ΛCDM cosmological standard model. It assumes
that the universe is filled with baryonic matter, “cold” – non-relativistic – dark
matter (CDM), as well as dark energy in form of the cosmological constant (Λ) [26].
This model is also used to explain the temperature fluctuations which are imprinted
in the cosmic microwave background (CMB) [1]. The striking similarity between the
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1. From dark matter particles to light signals

simulated and the observed structure shown in figure 1.3 is a clear evidence of the
existence of DM.
These observations put several constraints on the properties which the DM parti-

cles need to have. The most important ones are summarized below, while a detailed
discussion can be found, for example, in [27]. To interact gravitationally, the DM
particles must be massive. They are allowed to participate in the weak interaction,
while their interactions via the electromagnetic or strong force need to be strongly
suppressed or even absent. Furthermore, they need to be stable with respect to the
age of the universe. The standard model (SM) of particle physics offers only the
neutrino, which fulfills all criteria 2. Their relativistic speed however, makes them
“hot” dark matter and their fermionic character limits their maximum density due
to phase-space arguments [29]. Therefore, SM neutrinos constitute only a subdomi-
nant fraction of the DM in the universe. Without another suitable candidate in the
SM, the existence of dark matter is a clear indication for beyond standard model
(BSM) physics. Notable candidates from BSM theories are for example sterile neu-
trinos [30] and axion-like particles [31]. Another important group of candidates are
so-called weakly interacting massive particles (WIMPs), which emerge from several
BSM theories [4]. They are predicted over a range of masses between 1GeV/c2 up to
100TeV/c2, with interaction cross-sections in the range of 10−41 to 10−51 cm2 [4, 32].

1.1.2 Dark matter detection

Three different search strategies are followed in the attempt to detect DM. They
can be subdivided into direct and indirect detection, as well as colliders searches [5].
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Figure 1.4: Sketch of the three approaches
for DM detection. Figure adapted from [3].

Where each strategy corresponds to one
of the indicated directions in the sim-
plified Feynman diagram sketched in fig-
ure 1.4 [3]. Reading the graph in the
bottom-up direction it represents the pro-
duction of DM particles out of SM par-
ticles. Such reactions are searched for
at particle accelerators such as the large
hadron collider (LHC). Since the DM par-
ticles have a very low interaction probabil-
ity, they will not leave any traces in the de-
tectors surrounding the interaction point.
However, they will leave their imprint in the energy momentum balance of the re-
action. As they leave the detector undetected, they can be searched for in events
featuring an imbalance in the traverse momentum of the produced particles. A
more detailed review of the possible signatures and reactions can be found for ex-
ample in [33]. The latest results from LHC experiments however did not reveal any

2Though the SM does not include a neutrino mass, it is known from the observation of neutrino
oscillations [28], that they are not massless.
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1.1 The dark matter in the universe

deviation from the SM prediction [34, 35].
The top-down direction in figure 1.4 describes the annihilation of two DM particles

into a pair of SM particles. If the DM particles have a finite lifetime, SM particles
could also emerge from their decay. Indirect searches for DM search for these par-
ticles in astrophysical sources such as the galactic center or the sun in which a high
DM density is expected. Suitable annihilation or decay products for such searches
are, for example, gamma- and x-rays, as well as neutrinos and anti-matter particles
like positrons or anti-hydrogen [5, 36].
When reading figure 1.4 in the left-to-right direction, it describes the scattering

between DM and SM particles. Such direct interactions are searched for using low-
background experiments with large target masses. The kinetic energy of the DM
particles can lead to a measurable energy deposition E from the DM particle to
a particle in the detector medium. The differential event rate dR / dE is given
by [3, 4, 37]

dR

dE
=

ρχ
mχ ·mA

·
∫ vesc

vmin

v · f(v, t) · dσ
dE

(E, v) dv , (1.1)

where mχ and mA are the respective masses of the DM and SM particles; ρχ denotes
the average density of DM particles at the location of the Earth, and f(v, t) is their
velocity distribution function in the detector’s rest frame. This distribution then
needs to be convoluted with the differential interaction cross-section σ. To exceed the
detectors energy threshold, a minimum velocity vmin is required. At the same time,
no particles will have velocities larger than the Milky-Way’s escape velocity vesc. Due
to the rotation of the Earth around the sun, the relative DM velocity distribution
f(v, t) changes over the course of the year, leading to an annual modulation of the
event rate.

Depending on the medium, the deposited energy is channeled into scintillation
photons, production of electron-ion pairs (ionization) or lattice excitation
(phonons) [3]. Phonons are usually measured via a temperature increase using tran-
sition edge sensor (TES) in cryogenically operated detectors, while electrons are
drifted to a read-out and amplification region [4]. Scintillation photons can be mea-
sured using sensitive photo detectors, such as photomultiplier tubes (PMTs). Due
to quenching effects, the ratio between the relative amount of signal in each of these
channels depends on the interaction type. This allows detectors which simulta-
neously measure more than one signal to distinguish between different interaction
types.

Most parameters of equation 1.1, such as ρχ and f(v, t) are determined from astro-
physical inputs. This leaves the two parameters mχ and σ as the typical parameter
space in which direct detection experiments report their results. Figure 1.5 shows a
compilation of results from different direct DM detection experiments in this space.
Open curves represent upper limits on the spin-independent interaction cross sec-
tion σ [3]. The curves feature a minimum framed by a steep increase towards lower
masses and a more shallow increase for higher mass particles. Since the DM density

5



1. From dark matter particles to light signals
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Figure 1.5: Collection of various upper limits on the spin-independent dark matter interaction
cross-section reported by direct detection experiments. The region in which interactions from
neutrinos becomes a dominant background for xenon targets is indicated by the shaded blue region.
Figure adapted from [38] and supplemented by the projected limits (dashed lines) published in [39],
as well as in gray the signal contours of the DAMA experiment as given in [3]. A signal prediction
from a minimal supersymmetric extension of the standard model (MSSM) after Bagnaschi et al. [40]
is shown as a gray shaded area.

ρχ is constant, the number density decreases for higher values of mχ, which leads to
a decrease of the scattering rate given in equation 1.1. For lower masses the energy
transfer onto the target nuclei becomes inefficient and does not allow to exceed the
energy threshold of the detector, causing a rapid loss of sensitivity towards the left
side [3].
The elliptic gray contours correspond to a long-standing signal claim made by

the DAMA/LIBRA collaboration which uses high-purity NaI scintillating crystals.
They have observed an annual modulation of their event rate at a significance of
almost 13σ over more than 20 cycles [41]. However, a compatible signal has neither
been observed in the XENON100 dual-phase xenon TPC [42], nor in the NaI-based
scintillation detector ANAIS-112 [43]. The figure also shows a predicted signal region
from the minimal supersymmetric standard model (MSSM), which is expected to
be accessible by the current and next generation of liquid xenon (LXe) experiments.
The blue region in the lower part of figure 1.5 indicates the expected discovery limit
for xenon-based experiments due the irreducible background from coherent elastic
neutrino-nucleus scattering (CEνNS) of Solar and atmospheric neutrinos. More
details about this so-called neutrino “fog” or “floor” can be found, for example,
in [44]. The projected sensitivity of the future DARWIN experiment [39] is expected
to reach this limit in order to fully explore the remaining parameter space.
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1.2 Liquid xenon time projection chambers for rare-event searches

1.2 Liquid xenon time projection chambers for
rare-event searches

The low signal expectations in experiments searching for rare events, such as in-
teractions of DM particles require extremely low background rates. This is also
true for experiments searching for the neutrinoless double beta decay (0νββ) which
is reviewed for example in [45]. So far, these searches have usually returned empty
handed, calling for a continuous improvement of the sensitivity of the used detectors.
Dual-phase xenon TPCs have proven to be exceptionally successful in this regard.
Figure 1.6 illustrates that the sensitive mass of past experiments of this type has in-
creased by three orders of magnitude over slightly more than a decade [6, 46–52]. At

Figure 1.6: Past experiments
employing LXe TPCs (N) [46–50]
showed a steady increase of
their fiducial mass over the past
decade. Detectors being operated
at present times ( ) [6, 51, 52]
have meanwhile reached masses
of several tons. This increase
is matched by a continuous
decrease of their background
rate (gray). Surpassing all pre-
vious experiments in terms of
mass and background will be
the planned DARWIN [39, 53]
experiment (•). Figure adapted
from [54] (modified).
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the same time, their electronic recoil (ER) background rate was reduced by roughly
a factor of ten thousand.
After a description of the working principle of a dual-phase xenon TPC and out-

lining the XENONnT experiment [6], the different background sources of this de-
tector are introduced. For this work, the most important background contribution
is the one caused by the emanation of 222Rn. Its mitigation will be crucial for
the future DARWIN observatory, which is aims to continue the trend shown in
figure 1.6 [39, 53].

1.2.1 Working principle of the XENONnT detector

A labeled rendering of the XENONnT detector is shown in figure 1.8. The polygonal
active volume of the detector is roughly 1.3m in diameter and about 1.5m in height
and contains 5.9 tons of LXe [6]. Particles interacting with the LXe can lead to the
emission of prompt vacuum ultraviolet (VUV) scintillation photons at a wavelength
of 175 nm [55], as well as to the formation of electron-ion pairs.

7



1. From dark matter particles to light signals
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Figure 1.7: Working principle of a dual-phase xenon TPC. Particles interacting with the LXe
lead to prompt scintillation (S1, left side) and ionization (S2, right side). The S2 signal is delayed
relative to the S1 signal by the drift time of the electrons. A corresponding event waveform is
sketched along the right frame. Figure courtesy of Lutz Althüser (modified).
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Figure 1.8: Rendering of the XENONnT
time projection chamber. Figure adapted
from [6].

The primary scintillation signal (S1) is
detected by a total of 494 Hamamatsu
R11410-21 3-inch PMTs, arranged in ar-
rays at the top and the bottom of the
detector. Several semi-transparent high
voltage (HV) electrodes are situated in
two electrode stacks at the top and bot-
tom of the detector. They are made from
stainless steel wires, to allow the scintil-
lation light from inside the detector to
reach the PMT arrays [6]. An electric
field is applied between a cathode (bot-
tom) and gate electrode (top), to drift the
produced electrons from the interaction
site to the top of the active volume [2].
At the top, the electrons are extracted
from the LXe phase using a strong elec-
tric field [56], which is applied between
the gate and an anode electrode situated
8mm above the gate [6]. Electrons are
accelerated in the gaseous xenon (GXe)
by the strong field and produce a secondary scintillation light signal (S2), which is
proportional to the number of extracted electrons. The height of the LXe level is
maintained between both electrodes using a pressurized diving bell. The interaction
position along the depth axis is estimated from the delay time between the S1 and
S2 signal, while the x-y-coordinate is determined from the distribution of S2 photons
among the PMTs in the top array. This is illustrated in figure 1.7.
Both signals can be diminished by impurities that are dissolved in the LXe. The
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1.2 Liquid xenon time projection chambers for rare-event searches

amount of electrons is reduced by their attachment to electronegative impurities,
such as oxygen, during their drift in the detector [2, 57]. While S1 scintillation
photons are attenuated by impurities like water which have a high absorption cross
section in the VUV region [58]. To retain the sensitivity and resolution of the de-
tector, such impurities must be removed from the LXe by continuous purification.
XENONnT is the first LXe experiment to be equipped with a liquid purification sys-
tem to fulfill this task [6]. The increased throughput of the plant results in a lower
impurity concentration when compared to the more conventional GXe purification
method. Data concerning the 222Rn emanation of this system has been analyzed
and is presented in chapter 2.

1.2.2 Background sources in LXe TPCs

As introduced in section 1.1 it is well possible that DM particles, such as WIMPs,
interact via the weak force. This allows them to transfer a small recoil energy
between 1 to 100 keV [37] by elastic scattering off the xenon nuclei. The energy
would then be deposited in subsequent interactions of the recoiling nucleus in the
LXe, leading to detectable S1 and S2 signals. Such an event is referred to as a
nuclear recoil (NR). For gamma and beta particles, an energy transfer onto an
electron in the atomic shell of the xenon via the electromagnetic force is much more
likely. These events are correspondingly called electronic recoil (ER). In LXe TPCs
both interaction types can be distinguished from each other due to their different
dE/dx, resulting in different scintillation and ionization yields [3]. This is illustrated
in figure 1.9 for data from the XENON1T experiment [59] and also further discussed
in section 7.2.
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Figure 1.9: Separation between ER (blue) and NR (red) events in the XENON1T experiment.
Figure taken from [60] (modified).

The expected background contributions in the region of interest (ROI) for the
WIMP search in the XENONnT detector are illustrated in figure 1.10 for the two
signal types [6]. A major contribution to the NR background comes from neutrons.
They are of special concern, since they also interact via the weak force and can
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1. From dark matter particles to light signals
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Figure 1.10: Expected composition of the background spectrum in XENONnT for a 4 ton fiducial
volume in the ROI for the WIMP search (white areas). Emanation of 222Rn (orange) contributes
the most to the ER background (left), followed by solar neutrinos (green) and external detector
materials (purple). Smaller contributions are from 85Kr (red) and the double-beta decay of 136Xe
(blue), as well as from the double-electron capture of 124Xe [61] (olive). The NR background (right)
from radiogenic neutrons (red) is reduced by the neutron veto, to a similar level as the one expected
from coherent elastic neutrino-nucleus scattering. The contributions from solar neutrinos (orange),
as well as from atmospheric and diffuse super nova neutrinos (blue) are shown. Figure adapted
from [6].

therefore mimic a WIMP interaction. They are mainly released in (α, n) reactions,
to which fluorine atoms are especially susceptible [62]. Therefore the thickness of the
polytetrafluoroethylene (PTFE) reflectors surrounding the active volume (see also
figure 1.8), was minimized based on the findings reported in [63, 64] and discussed
in chapter 6. Additionally, the neutron background is reduced to the level indicated
in figure 1.10 using a novel neutron veto system. It surrounds the detector and
will be able to identify 87% [6] of the neutrons interacting in the LXe. Additional
contributions to the NR background are expected from the coherent elastic scattering
of atmospheric and astrophysical neutrinos (CEνNS).
Though background events due to ERs can be rejected with efficiencies exceeding

99.5% [48, 65, 66], their abundance with respect to NR events is larger by about
three orders of magnitude (see scales in figure 1.10). To reduce this background, the
experiment is suited deep underground in the Laboratori Nazionali del Gran Sasso
(LNGS), where an average rock overburden of 1400meters attenuates the cosmic
muon flux by six orders of magnitude [67]. The detector is embedded in a water tank
with a height and diameter of 10meters to shied it against external gamma particles
and neutrons [68]. Besides background sources located outside of the experiment,
trace amounts of radioactive impurities are contained in the detector materials used
to build the cryostat, photosensors and the PTFE reflectors. These materials need to
meet strict requirements regarding their radioactive impurity concentration and are
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1.2 Liquid xenon time projection chambers for rare-event searches

carefully pre-selected in dedicated material assays [69, 70]. Furthermore, the external
material background is strongly reduced in the innermost detector volume by the
efficient self-shielding property of LXe. Therefore, the DM search is constrained to
a so-called fiducial volume of 4 tons [6], making use of the three-dimensional position
reconstruction capabilities of the detector.

Figure 1.11: Section of the primordial uranium decay series. Figure adapted from [71].

This fiducialization however, does not help against radioactive impurities which
are homogeneously mixed with the LXe. Most important representatives of these
so-called internal background sources are the two noble gases 85Kr as well as 222Rn.
85Kr is removed by an initial refinement of the xenon inventory using cryogenic distil-
lation [72, 73]. Due to its anthropogenic origin [74], it is not continuously produced in
the experiment and its continuous removal was not required in past experiments [73].
To detect an increase of the krypton concentration due to air leaks or out-gassing,
it is regularly measured using rare gas mass spectrometry [75].

222Rn on the other hand is a part of the primordial decay series of 238U which is
shown in figure 1.11. Since it is contained as a trace impurity in nearly all detector
materials, it is constantly produced and released from surfaces which are in contact
with liquid or gaseous xenon. The beta decay of 214Pb with an end-point energy
of about 1MeV [76] is expected to be the dominant source of ER events for recoil
energies . 30 keV. An ambitious goal for the 222Rn concentration in the XENONnT
experiment of 1µBq/kg has been set [6]. To reach this goal a dedicated radon assay
of all used components has been performed which results in an projected radon
concentration of 4.2µBq/kg [70]. To close the gap between the design goal and the
expected emanation, the XENONnT detector features a dedicated radon removal
system. Similar to the case of 85Kr, it removes radon from the xenon by cryogenic
distillation as has been previously proven in [77–79]. More details about this system
will be provided in [80]. A first measurement of the radon concentration in the
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1. From dark matter particles to light signals

XENONnT experiment is presented in chapter 2, together with an evaluation of the
possible improvements related to the radon removal system.

1.3 A bright future ahead: The DARWIN project

There is a strong motivation to fully explore the range of WIMP-nucleon interaction
cross-sections until the neutrino detection limit shown in figure 1.5 is reached. This
can be achieved by a next-generation LXe detector, with an exposure exceeding
200 t·y [39]. Besides this, such a detector can also be used to search for the 0νββ of
136Xe, as well as for measurements of atmospheric and astrophysical neutrinos, and
further studies. An overview of the various scientific measurements and searches
that can be explored is given in [81].
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Figure 1.12: Achieved 222Rn concentrations
in past LXe experiments (filled circles). They
roughly follow a m−1/3 dependence (dashed red
line) expected from the reduction in surface-to-
volume ratio. The projected radon concentra-
tions of future experiments (open circles) and for
the future DARWIN experiment (open square)
rely on novel radon mitigation strategies. Figure
courtesy of Masaki Yamashita [82] (modified).

One concept for such a detector
is envisioned by the DARWIN col-
laboration. It features a dual-phase
xenon TPC with 2.6meters in height
and diameter [83]. The experiment
is designed for a total of 50 tons
of LXe, from which 40 tons are lo-
cated within the instrumented vol-
ume [39]. While several design choices
of the experiment are still to be de-
cided, its stringent background re-
quirements are pre-determined by the
experiment’s scientific goals. They
foresee an improvement in the 222Rn
concentration by one order of magni-
tude with respect to XENONnT to
the level of 0.1µBq/kg [84, 85]. The
challenge implied by this number is il-
lustrated in figure 1.12. It shows the
anti-correlation between the achieved
radon concentrations in past LXe ex-
periments [6, 51, 78, 79, 86–89] and their respective xenon masses m. The amount
of radon emanation in an experiment is approximately proportional to its internal
surface area. Therefore, their radon concentration roughly follows a m−1/3 trend
expected from the decrease of the surface-to-volume ratio (dashed red line). Note,
that contributions from peripheral systems such as the purification and cryogenic
systems are neglected in this approximation. The figure clearly shows, that in case
of the DARWIN experiment [39], the simple up-scaling of detector mass will be in-
sufficient to reach the required radon concentration. Therefore, the existing radon
mitigation techniques need to be improved and extended by new approaches, such
as the coating-based radon barriers which are discussed in chapter 4.
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2 Detection of radon-induced alpha
events in the XENONnT experiment

The XENONnT experiment is expected to have an unprecedented high sensitivity
for interactions of weakly interacting massive particles (WIMPs) and other rare pro-
cesses. This sensitivity crucially depends on the amount of background as has been
detailed in section 1.2.2. Especially the radon-induced background needs special at-
tention as it is expected to dominate all other background sources. Gaseous 222Rn
is released from trace impurities of 226Ra present in almost all detector components.
Due to its long half-life, it can enter and homogeneously distribute itself in the liq-
uid xenon (LXe) volume of the experiment. The β-decays of 214Pb are of special
concern as they lead to low energy electronic recoil (ER) events. These can mimic
a dark matter interaction and increase the background rate for searches focused on
low energy ERs such as reported in [90].
In this chapter, a measurement of the radon concentration during the commission-

ing phase of the XENONnT detector is presented. First, the focus will be put onto
the identification and correction of the signals stemming from the alphas emitted
by 222Rn and its subsequent decay products. Afterwards, the influence of different
operations throughout the commissioning phase onto the radon concentration will
be evaluated. This allows to give an estimate of the radon emanation of the LXe
purification system, as well as the possible improvements that can be gained by the
operation of the radon removal unit (see section 1.2.2). An additional analysis of
alpha interactions using data which has been collected while the detector was still
filled with gaseous nitrogen is also presented. Results from both analyses are then
set into context to the experiment’s expected radon emanation rate obtained by the
dedicated radon screening campaign [79].

2.1 Identification of radon-induced alpha decays in
liquid xenon

The commissioning of a new detector involves many operations, resulting in frequent
changes of the detector parameters. Since these changes can lead to variations in
the height of the LXe level in the time projection chamber (TPC) the gate electrode
can become uncovered from LXe in some periods. As a precaution in order to
prevent breakdowns of the strong electric field between gate and anode electrode,
the extraction field has been kept turned off for most of the time. Therefore, most
of the data does not contain any signal from collected charges (S2). However, some
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2. Detection of radon-induced alpha events in the XENONnT experiment

important detector characteristics like for example the radon concentration can still
be evaluated in a meaningful way using the prompt scintillation signal (S1) only.
Especially the mono energetic alpha events from 222Rn and its subsequent decay

products can be observed due to their high energies. The part of the 222Rn decay
chain (see figure 1.11 in the previous chapter) which is relevant for the following
discussion is repeated below.

. . . 222Rn
5.6 MeV

=====⇒
3.8 d

218Po
6.1 MeV

=====⇒
3.1 min

214Pb
β−−−→

27 min

214Bi
β−−−→

20 min

214Po

7.8 MeV
=====⇒

160µs

210Pb
β−−→

22 y

210Bi
β−−→

5.0 d

210Po
5.4 MeV

=====⇒
138 d

206Pb . (2.1)

As can be seen it contains four alpha decays (double arrows) with typical energies
above 5MeV. These energies lead to bright S1 signals, which can be selected from
the background with a high efficiency.
First, the different variables, selections, and signal corrections are introduced in

section 2.1.1. The reconstruction of the alpha spectrum is shown in section 2.1.2 and
the fiducial mass of this analysis is estimated in section 2.1.3, using a short stable
period during which S1&S2 data is available. The time evolution of the light yield
and the radon concentration is shown in section 2.1.5. Here special emphasis will be
put on the impact of the LXe purification system as well as the reduction by the
radon removal system.

2.1.1 Event selection and signal corrections

The amount of light detected by a photomultiplier tube (PMT) is usually expressed
as the amount of photoelectrons (PE) which are released from its photo-cathode.
These electrons get multiplied and digitized resulting in a waveform which contains
the time distribution of the detected light signal. This raw waveform information is
then processed by a software [91, 92] and summed over all PMT channels in order
to extract pulse parameters like the total amount of detected light (area) or the
duration (median width) of the pulse.
This allows to define a region of interest (ROI) that rejects a large fraction of

events from interactions which are less relevant for this study such as external gamma
rays and beta decays. Figure 2.1 shows the definition of this region for data taken
over approximately 20 hours. As the alpha events produce bright light signals most
of the background events can be rejected by requiring that the detected area is
within [20 − 120] kPE. By additionally requiring that the width of the pulses is
between 40 ns and 200 ns a few remaining spurious events can be removed.

Correction of the light signal

The amount of light which is produced by the interaction of an alpha particle with
the LXe is proportional to the alpha particle energy. This allows to distinguish
decays from the different isotopes of the decay chain (equation 2.1) based on the
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2.1 Identification of radon-induced alpha decays in liquid xenon

Figure 2.1: Area and pulse width
of scintillation signals in LXe recorded
over approximately 20 hours during the
commissioning phase of the XENONnT
detector. The ROI used to select alpha
events (non-hatched area) is indicated.
Events at lower areas are caused for
example by external gamma rays and
beta interactions.
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area of the events. However, the probability to detect the produced light with the
PMTs depends on the position of the decay inside the detector. The light collection
efficiency (LCE) is typically highest for events happening close to the bottom PMT
array and decreases for positions higher up in the TPC. This is because of the total
reflection of the light at the liquid-gas phase transition resulting in most of the S1
light being always detected by the PMTs in the bottom array. This effect needs to
be corrected for in order to reconstruct the alpha event spectrum properly.

Typically the z- coordinate can be reconstructed accurately by the time-delay be-
tween the prompt S1 and the delayed S2 signal. Since the present study uses S1-only
information the depth of the interaction need to be determined differently. A good
proxy for the z-coordinate is given by the relative amount of light detected by the
PMTs in the top array (area fraction top, AFT). Values close to zero correspond
to events happening close to the bottom of the detector, while events close to the
liquid-gas interface feature an AFT value slightly smaller than 0.6. Though these
events happen near the top PMT array, more than 40% of their scintillation light is
detected by the PMTs in the bottom array. This is because of the total reflection
of the light on the liquid-gas inter-phase. The population of events with an AFT >
0.6 is caused by proportional scintillation (S2) signals, happening above the liquid
phase.

For the events falling in the selected ROI this dependence of the area as a function
of AFT value is shown in figure 2.2. At least three bent lines between AFT values of
about 0.1 to 0.55 are visible alongside several background populations which will
not be further detailed. As expected from the LCE the detected amount of light
increases with decreasing values of the AFT variable.

To correct for this effect, a model of the dependence needs to derived based on
the shown data. For this the events from two of the alpha lines are first coarsely
selected using the dashed cyan box. The data is then divided into slices of the AFT
value between 0.09 and 0.55. The median area for each slice is then determined as
indicate by the red dots. These points are then fit using a phenomenological model
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2. Detection of radon-induced alpha events in the XENONnT experiment

Figure 2.2: Dependence of the de-
tected light (area) on the interaction
height within the detector. The height
is estimated by the fraction of light de-
tected by the top photo multiplier array
(area fraction top, AFT). It is cor-
rected for using the median profile (red
dots) fit the model function given in
equation 2.2 (orange dashed line).
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function of the form:

area = a0 · e−
a1−AFT
a2 ·

(
1− e−

a1−AFT
a3

)
+ a4 . (2.2)

The shape of the function can be adjusted by the five parameters a0 to a4 which are
determined by the fit resulting in the dashed orange function shown in figure 2.2.
This function is then used to calculate an area correction factor for each event

based on its AFT value. The correction is defined such that it is relative to a central
position in the detector (AFT = 0.25). Figure 2.3 shows the corrected area as a
function of the AFT. It can be seen that the correction almost fully accounts for

Figure 2.3: Alpha emission lines in liq-
uid xenon after applying the correction
to the detected amount of light. The
lowermost line in corrected area cor-
responds to alpha decays of 210Po, while
the broader central line contains alpha
decays of 222Rn and 218Po. The up-
permost line is from decays of 214Po.
The dashed red lines indicate the fidu-
cial volume typical chosen in the anal-
ysis.
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the geometric dependence resulting in the three alpha emission lines to be almost
straight over the AFT range. The lowest vertical line corresponds to events from alpha
decays of 210Po while the highest vertical line is due to 214Po alphas. The broader
vertical line in between the two (around 57 kPE) contains the decays of 222Rn and
218Po. For events at AFT values of around 0.1 a sharp decrease of the detected area
can be observed. This is likely due to signal saturation of events happening close
to the bottom PMT array which cannot be fully accounted for by the correction.
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2.1 Identification of radon-induced alpha decays in liquid xenon

To reconstruct the alpha spectrum a fiducial region in AFT between 0.15 and 0.42
is chosen as indicated by the two dashed red lines in figure 2.3. In this region the
resolution is best and other background populations are strongly suppressed.
Before the estimation of the LXe mass selected by this fiducial volume will be

given in section 2.1.3 the reconstruction of the spectrum using the corrected area
variable will be presented.

2.1.2 Reconstruction of the spectrum

The spectrum of corrected area can be obtained by projecting the events shown
in figure 2.3 onto the area axis. To enhance the resolution of the spectrum only
the events inside the fiducial volume selection are taken. The resulting spectrum is
shown in figure 2.4. The spectrum features again three main populations from the
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Figure 2.4: S1-only spectrum the corrected area of alpha events in liquid xenon. The spectrum
is fit (red line) by the sum of the four individual alpha emission lines (dashed gray functions) of
222Rn, 218Po, 214Po and 210Po. An additional subdominant contribution from 216Po, which is part
of the decay chain of 232Th (see equation 3.7) is visible, but not part of the fit. The highlighted
regions are used to determine their individual contributions to the overall rate.

alpha decays of 210Po (blue region) and 214Po (orange region) as well as the clustered
region from 222Rn and 218Po (green region). The spectrum is fit using the sum of four
individual functions which describe each alpha emission line separately (red line),
where the dashed gray lines indicate the contribution from each individual alpha line.
While the shape of the 210Po peak is found to be well described by a Crystal-Ball
(CB)-function (see equationD.1 in the appendix for function definition), the peak
shapes of the other lines feature a rather unusual shape. In contrast to the expected
Gaussian shape, these lines have a flat top part with Gaussian left and right flanks.
They are found to be well described by a generalized Gaussian distribution 1 [93] of

1This distribution function is also referred to as the exponential power distribution or Subbottin
distribution.
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2. Detection of radon-induced alpha events in the XENONnT experiment

the form:

f(x) =
β

2σΓ(1/β)
· e−(|x−µ|/σ)β . (2.3)

γ denotes the gamma function and β is the shape parameter of the distribution.
By changing the parameter β allows to continuously transition between the heavy-
tailed Laplace distribution (β = 1), a Gaussian distribution (β = 2) and the uniform
distribution (β → ∞). The parameter σ describes the width of the distribution
similar to the standard deviation in case of a Gaussian distribution.
The unusual peak shape can be explained by the radial dependence of the LCE

that cannot be corrected for using the S1-only data. Photons from events happening
in the center of the TPC feature a higher probability to be detected by either of the
two PMTs arrays as events close to the walls. This effect is illustrated in figure 2.5
showing the corrected S1 area as a function of the squared radius of the event
as reconstructed using S1 & S2 data. Using the additional radial information the

Figure 2.5: Illustration of the radial
dependence of the detected light for al-
pha events. The squared radius is es-
timated using the reconstructed event
position from S1&S2 data. Unlike in
the case of the presented S1-only anal-
ysis the emission lines from 222Rn and
218Po can now be resolved separately.
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two alpha emission lines from 222Rn and 218Po can be resolved separately and this
dependence could be corrected for. However, since most data taken throughout the
commissioning phase have been acquired in the S1-only mode, such a correction
is not straight forward. Future version of such studies however can make use of
a naive S1-only radial position reconstruction allowing for a significantly enhanced
resolution of the alpha spectrum [94]. As can be seen from figure 2.5 without such a
correction the resulting emission lines will overlap producing the flat top shape that
is observed in figure 2.4. Furthermore, this overlap results in the small enhancement
of detected events between the 222Rn and 218Po lines which is correctly reproduced
by the fit function based on the generalized Gaussian functions.
The observed shape of the 210Po line differs from the other isotopes as it does

not feature the same flat top distribution. Due to the long half-life of 210Pb and
210Po (see decay-scheme in equation 2.1) these decays are not caused by emanated
222Rn present in the LXe but come from the plate out of radon daughters during
the construction of the experiment. Therefore, these events are expected to be
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2.1 Identification of radon-induced alpha decays in liquid xenon

located on the polytetrafluoroethylene (PTFE) walls of the detector, where they all
feature roughly the same LCE. While the other three emission lines closely follow
a linear relation between their corrected area (dashed vertical lines) and their
corresponding alpha decay energies, this is not the case for the 210Po line. Its fitted
position (vertical dashed blue line) is found to be shifted towards lower areas by
roughly 9%, likely due to the reduced LCE at the wall. Furthermore, the visible
tailing of this line towards lower energies could be a result of partial energy loss of
the alpha particles in the PTFE material.
Another subdominant contribution to the spectrum can be seen in between the

lines of 218Po and 214Po. The slight excess of events in this region probably stems
from the α decay of 216Po which is a decay product of 220Rn which is part of the pri-
mordial thorium decay series (see equation 3.7). An estimation of the resulting radon
concentration and event rates of the different isotopes will follow in section 2.1.4. But
before that the fiducial mass enclosed in the fiducial volume selection needs to be
calculated.

2.1.3 Estimation of fiducial mass

In order to deduce the radon concentration from the observed event rate inside the
selected fiducial volume the amount of LXe inside this volume needs to be estimated.
However, this volume is selected based on the AFT values of the events, which is
not directly proportional to the z-coordinate in the TPC. Therefore, an estimate
based on the collected S1-only data alone is not possible. Luckily throughout some
period in the commissioning phase the detector conditions were stable enough to
safely turn on the extraction field, allowing for simultaneous detection of S1 and
S2 signals. This allows to match the observed AFT values of alpha events to the
drift-time values they correspond to. Figure 2.6 shows that as expected a clear
anti-correlation between the two variables.

Figure 2.6: Anti-correlation be-
tween event drift time (y-axis)
and S1 AFT (x-axis) for radon al-
pha events. The median of the
main population is indicated by
the red markers (•), while the esti-
mated cathode position and its un-
certainty are shown by the dashed
green line and shaded green region
respectively. The vertical dashed
black lines show the range of the
S1 AFT selection used for the analy-
sis (see figure 2.3). It is translated
into a fiducial volume (horizontal
black lines) using the profile.

0.1 0.2 0.3 0.4 0.5 0.6
S1 area fraction top

0.5

1

1.5

2

2.5

Dr
ift

 ti
m

e 
(m

s)

Fid
uc

ia
l v

ol
um

e

median
Cathode

100

101

Nu
m

be
r o

f e
ve

nt
s

The distribution is profiled using 75 bins in AFT in a range between 0.09 and 0.55.
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2. Detection of radon-induced alpha events in the XENONnT experiment

Within each slice the median of the distribution is computed as illustrated by the
red dots. To reduce the bias from other background populations, the parallelogram
indicated by the dashed gray lines is used to coarsely select the main part of the
population in the drift time.
The additional information from the charge signal allows to add two further se-

lection criteria besides the ones shown in figure 2.1. While the electrons which are
produced at the interaction site are drifted upwards in the detector they also un-
dergo a random motion. This leads to a broadening of the charge distribution as
a function of their drift time that can be described by a diffusion law [2]. The
spread of the arrival-time of the charge distribution (s2 width) at the extraction
region can therefore be utilized to reject nonphysical events. Furthermore, a require-
ment on the minimum s1 area and s2 area is employed in order to reject events
induced by high energy gamma rays. Note that these selections are only applied to
get the correspondence between the AFT values and the drift time of events but
not for the final determination of the radon concentration.
Using a linear interpolation of the profiled distribution allows to translate the

fiducial range defined via the AFT values into an equivalent selection in the drift
time as indicated by the dashed red lines shown in figure 2.6. The uncertainty on
this range is estimated by variation of the number of bins as well as by changing
between the median and the mean for the profiling and is found to amount for about
1%. Furthermore the maximum drift time needs to be determined. As can be seen in
figure 2.6, there is an accumulation of events at a drift time value of about 2.4ms
which corresponds to events located at the cathode electrode in the XENONnT
detector (dashed green line). The respective drift time value and its uncertainty
is estimated by hand to be (2.375± 0.05)ms. With this, the fraction of the fiducial
volume with respect to the active volume of the detector can be computed to be
(52.3± 1.2)%.
This fraction can be translated into the fiducial mass by multiplying it with the

total amount of active LXe in the detector. From the dimension of the XENONnT
TPC as stated in [6] and the LXe density at a temperature of −96◦C and a pressure
of 1.93 bar [95] an active mass of (5.92± 0.09) tons can be computed. This number
agrees with the value reported in [6]. The uncertainty on the active mass is estimated
from PTFE machining tolerances of 0.5% [96] as well as from changes of the LXe
density of up to by 0.4% due to temperature fluctuations (∆T = 2K). A fiducial
mass of this analysis of (3.08± 0.08) tons is derived.

2.1.4 Measurement of the radon concentration and 210Po
surface activity of the XENONnT experiment

As can be seen from the alpha spectrum shown in figure 2.4 each isotopes features a
slightly different number of counts. For 210Po this can be understood easily since it
comes from radon daughter plate-out onto the PTFE walls during the construction
phase of the detector and is therefore not directly related to radon concentration of
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2.1 Identification of radon-induced alpha decays in liquid xenon

LXe while the experiment is being operated. Plate-out of radon daughters could be
also a reason for the lower detected activity found for 218Po and 214Po with respect
to the rate of 222Rn. The predominantly positively charged decay products [97] have
a certain probability to be drifted out of the analysis volume towards the cathode
which is biased by a negative high voltage (HV). Similar behavior has been already
observed in the XENON1T experiments [79].

Measurement of the radon concentration

The significant overlap of the alpha lines from 222Rn and 218Po in the S1-only data
adds a systematic uncertainty to the estimation of the 222Rn activity. Since 218Po
is only removed from the analysis volume due to plate-out its rate is always lower
than the one of 222Rn. A lower limit of the 222Rn rate can therefore be derived by
averaging the rate found in both lines (green shaded area in figure 2.4). The isotope
ratio can also be derived directly from the spectrum of the S1-only data via the
fit with equation 2.3. This would lead to an estimate of the 218Po rate being only
about 70% of the 222Rn rate. As can be seen the proposed fit function based on the
generalized Gaussian distribution is a sufficient but not highly accurate description
of the peak shape. The most reliable estimate is obtained when using the data taken
with S1 and S2 information. As shown in figure 2.5 the decays from both isotopes
can be clearly distinguished when the full three dimensional position of the events
is reconstructed. From this data a ratio between the activity of 218Po and the one
from 222Rn of 92% can be derived.

Therefore, this ratio is taken to derive the best estimate for the 222Rn rate using
the S1-only data. Together with the fiducial mass derived in section 2.1.3 this yields
the radon concentration of the XENONnT detector of

R
(

222Rn
)

=
(
3.61± 0.07(stat)+0.6

−0.3(syst)
)
µBq/kg .

Here the systematic uncertainty is chosen such as to cover the range of the above
mentioned ratios between 218Po and 222Rn. The statistical uncertainty contains the
uncertainty from the amount of observed events as well as the uncertainties related
to the size of the fiducial volume. Comparing this value for the radon concentration
with the value of

(
4.2 +0.5

−0.7

)
µBq/kg which is predicted by the dedicated screening

campaign reported in [70] shows reasonable agreement. Note that value represents
the initial radon concentration of the experiment, and does not include the im-
provements made possible by the radon removal system which will be quantified in
section 2.1.5.

Estimation of 210Po surface activity

Radon is not only present in the LXe but also in the clean-room air during the as-
sembly of the XENONnT TPC. It is known that radon daughters tend to plate out
on the PTFE parts of the detector where especially the long-lived radon daughters
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2. Detection of radon-induced alpha events in the XENONnT experiment

210Po and 210Pb will persist throughout the lifetime of the experiment [98]. There-
fore, the surface activity will limit the maximum size of the fiducial volume accessible
in analyses focusing on low-energy events. The presented commissioning data al-
lows to also make an estimate of the 210Po surface activity. For this the 210Po alpha
line is selected from the spectrum shown in figure 2.4. Similar to the estimation
of the fiducial volume shown in section 2.1.3 the amount of PTFE surface within
the fiducial volume can be estimated to be (3.27 ± 0.08) m2. Here the uncertainty
is only estimated from the tolerances in the manufacturing, without the impact of
temperature changes onto the LXe density. Normalizing the rate to this surface
then yields a 210Po surface activity of

R
(

210Po
)

= (5.04± 0.18)
mBq

m2
.

A dedicated measurement of the 210Po surface alpha activity of the XENONnT
PTFE panels has been carried out and is reported in [70]. The found activity of
(20±3) mBq/m2, however, is significantly larger than the one obtained in the present
study. Possible reasons for this discrepancy are still under investigation. As a com-
parison the 210Po surface alpha activity in the XENON1T experiment was estimated
between 5 and 32 mBq/m2 [99, 100].

2.1.5 Time dependence of the light yield and radon
concentration

The commissioning data analyzed in this study can be subdivided into two major
time intervals. During the first one, the LXe purification system has been tested,
while the second phase is dedicated to the radon distillation column (see also sec-
tion 1.2.1). In this section the impact of different operating modes of these two
systems on the concentration of 222Rn in the detector will be investigated. However,
the operation of those systems does not only affect the radio purity but also the gen-
eral amount of impurities in the xenon. As a higher impurity concentration can lead
to stronger attenuation of the vacuum ultraviolet (VUV) scintillation photons, the
detected amount of light from the alpha interactions is subject to changes through-
out the commissioning phase. These changes are accounted for by a time-dependent
alpha event selection. Therefore, the section starts off with a qualitative study of
the light yield evolution of the alpha events.

Light yield evolution

Figure 2.7 shows the evolution of the corrected area from alpha events during
the commissioning of the XENONnT detector. From top to bottom, the emission
lines from 214Po, the combined line from 222Rn and 218Po, as well as the line of 210Po
appear as horizontal bands. At lower values of the corrected area, the background
contribution from high-energy gamma particles can be seen. The positions of the
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Figure 2.7: Evolution of the light yield from radon alpha events during the commissioning of the
XENONnT detector. The red and orange lines indicate the time dependent selection of the 214Po
emission line, as well as the combined lines from 210Po, 222Rn and 218Po. The two main time
periods of the data set, as well as the different operating modes of the radon distillation system
(M1 - M4) are outlined by the two arrows on top. The lower bar shows, whether the high-efficiency
(HE) filter (blue) or the low-radon filter (orange) was in use by the LXe purification system.

lines show a clear time dependence throughout the different phases of data taking.
To prevent a biased estimation of the radon rate, the selection of radon-induced
alpha events is modeled time dependent, following the red and orange lines. They
are defined by a linear interpolation between manually chosen support points and
used to remove the well separated events from 214Po (above the red line), as well as
the gamma-induced background (below the orange line). Events between both lines
are from 210Po, 222Rn and 218Po. They will be used for the further evaluation of the
radon concentration in the detector.
Starting from the left of the figure, it can be seen that the light yield first steeply

increases and then saturates while the high-efficiency (HE) O2 filter is being operated
in the LXe purification system (blue interval). After a short maintenance interrup-
tion, the data taking was continued with the low-radon oxygen filter installed in
the LXe purification system (orange period). The phase of the LXe purification
commissioning was ended by another maintenance operation and is followed by the
commissioning of the radon removal system.
Around day 85 (“Radon distillation off”), an extended period of stable data taking

allowed to turn on the extraction field in order to simultaneously measure prompt
scintillation (S1) and charge (S2) signals. Data from this period is used to derive the
AFT-based signal correction that has been introduced in section 2.1.1. The correction
is then applied to data from all periods, under the assumption that the changing
impurity level has a subdominant influence on the performance of the correction.
This phase is also used for the estimation of the fiducial mass as presented in sec-
tion 2.1.3 and to derive the ratio between 222Rn and 218Po which has been used in
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2. Detection of radon-induced alpha events in the XENONnT experiment

section 2.1.4.
The commissioning of the radon distillation system contains four different modes

(M1 - M4), which are detailed further in the next paragraph. With the start of
the system (M1), a strong decrease of the light yield has been observed. This is
explained by an increased outgassing rate from the new system, which has not been
in contact with the ultra pure LXe before. The light yield then stabilized on a lower
level, showing only small fluctuations throughout commissioning of the remaining
modes (M2 - M4). At the end of its commissioning (Off), a moderate increase of
the light yield can be seen. After another maintenance period, the high LXe purity
was then restored using the high-efficiency O2 filter.

Time evolution of the radon concentration

For both commissioning periods, the time dependent selection of 210Po, 222Rn and
218Po events is used as shown in figure 2.7. The rate of 222Rn is then inferred by
subtracting the rate of 210Po as measured in section 2.1.4 and applying the ratio
between 222Rn and 218Po as found using S1&S2 data. Note that this assumes the
210Po rate to be constant throughout the commissioning phase. If this assumption
does not hold, a small bias of up to 10% could be introduced onto the estimated
radon rate.
Figure 2.8 shows the radon evolution during the commissioning of the LXe pu-

rification system. The evolution is fit by a piece wise continuous function, which

Figure 2.8: Evolution of the
222Rn induced alpha event rate
during operation of the two differ-
ent oxygen filters in the LXe pu-
rification system. Data acquired
during the commissioning phase of
the XENONnT experiment.
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recursively describes the radon rate A(t) in each interval i. It is given by the decay
of the remaining radon activity (A(ti−1)) present in the system at the end of the
previous interval (ti−1), and the in-grow of the activity towards a new equilibrium
value Ai

A(t) = A(ti−1) · exp

(
−t− ti−1

τ222Rn

)
+ Ai ·

(
1− exp

(
−t− ti−1

τ222Rn

))
. (2.4)
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2.1 Identification of radon-induced alpha decays in liquid xenon

Starting from a constant and low level, the radon rate increases by more than one
order of magnitude after the high-efficiency filter is added to the system. This filter
was used to purify the bulk of the xenon inventory in order to rapidly approach a
sufficient level of purity. Several weeks later this filter was exchanged by a filter
which features a much lower radon emanation rate (low-radon filter). The radon
concentration decays within the following weeks as expected from the 222Rn half-life
and approaches a constant level similar to the one prior to the start of the LXe
purification.
The extracted values for Ai in each interval can be used to determine the radon

emanation of both filters. Before the LXe purification system has been included,
an absolute 222Rn emanation rate of A0 = (26 ± 3)mBq is found. The additional
emanation coming from the purification system, together with the low-radon filter
(A2 − A0) is estimated to be (3 ± 3)mBq. This can be converted into an upper
limit of 8.2mBq (95% C.L.), which is compatible with the expected emanation of
(3.6 ± 2)mBq from this system that has been obtained by the dedicated radon
measurement [70]. The additional radon emanation from the high-efficiency filter
(A1 − A0), is estimated to be (606 ± 5)mBq. Normalized to the mass of the used
filter material of approximately 0.5 kg, a radon emanation of (1.21 ± 0.01)Bq/kg
can be inferred. This is about three times higher than the emanation determined
at room temperature using a different batch of the same material [70]. Since the
emanation from another sample of this material is even smaller by a factor of 24,
the difference is likely explained by a large variation of the radon emanation between
different material batches.
The commissioning of the radon removal system contained tests of several op-

eration modes (M1 - M4). Where the modes differ mainly in the way the xenon
is extracted from the experiment and fed into the radon distillation column. Dur-
ing the first period (M1) the system was exclusively fed with LXe exiting the LXe
purification system. For modes M2 and M3 additional gaseous xenon (GXe) was ex-
tracted from the cryogenic system and added into the column for distillation. With
the difference between the two modes being a higher GXe extraction flow in the lat-
ter. During the last interval (M4) additional GXe has been extracted from the two
cable feed-through vessels of the XENONnT experiment. Figure 2.9 summarizes the
radon evolution during this phase, allowing to quantify the possible radon reduction
of each tested mode separately. The evolution is again modeled using the piece wise
continuous function (red line) given in equation 2.4. Though this function allows to
infer the radon concentrations in each interval, it poses only an effective description
of the system. Since it does neither contain any information on the distribution of
radon sources in the system nor the different extraction flows used in each mode,
it does not allow to extract further system parameters such as the radon xenon
separation efficiency. A more detailed model [101] will be discussed in [80].
As shown in figure 2.7 the light yield of the LXe decreased significantly during the

first commissioning interval (M1). This adds an important systematic uncertainty
to the measurement causing the fiducial volume to effectively shrink as the LXe
purity decreases. With the decreased purity the attenuation length of LXe for the
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Figure 2.9: Evolution of the radon concentration during commissioning of the radon removal unit.
The different modes correspond to LXe only distillation (M1), LXe&GXe distillation (M2&M3)
as well as LXe distillation in combination with an optimized GXe extraction flow (M4). Red shaded
band symbolizes size of systematic uncertainty due to changes of LXe purity.

scintillation light becomes shorter. The estimation of the fiducial volume in the
S1-only analysis relies on the correspondence between the AFT and the drift-time
observed in S1&S2 data (see figure 2.6). This correlation is expected to become
stretched along the AFT axis as events happening in the lower part of the detector
will lead to less detected light in the top PMT array while the effect on the bottom
PMTs is less pronounced. The size of this effect was estimated using additional
S1&S2 data collected during the period of lower purity. Neglecting this systematic
would lead to an underestimation of the radon concentration of about 20% during
the distillation. Since the time dependence of this systematic cannot be evaluated
easily it was decided to not correct the data for this effect but treat it as a systematic
uncertainty as indicated by the red shaded band in figure 2.9. The effect furthermore
manifests by the steep decrease of the radon rate in interval M1 which is incompatible
with the lifetime of 222Rn. To still obtain a good description of the data in this period
an effective lifetime of τM1 = (1.9± 0.2)days was determined by the fit.
In the LXe-only mode (M1) the radon reduction is mainly determined by the speed

at which the xenon can be processed by the plant. At the operating flow of 200 SLPM
the mass of the full xenon inventory of the experiment was distilled approximately
every 5 days. Assuming that the xenon leaving the system is completely free of
radon, this would translate to a reduction factor of about 2.1 in the experiment [101].
From the data shown in figure 2.9 the reduction factor of the LXe-only mode can be
estimated to be

RLXe = 2.42± 0.07 (stat) +0
−0.5 (syst) .

Where the asymmetric systematic uncertainty reflects the possible variation of 20%
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2.2 Alpha events in gaseous nitrogen

in the fiducial volume due to the changed purity conditions. This shows that the
distillation column is able to remove radon from the LXe inventory with a reduction
factor being in agreement with the prediction based on the processed xenon flow.
The extraction and distillation of additional GXe sampled from the cryogenic

system of the experiment allows a further reduction of the radon concentration
(M2 - M3). By this, radon can be removed from the system before it dilutes in
the large LXe inventory from which it is more difficult to remove. The increased
removal efficiency reflects in additional reduction factors of (1.43 ± 0.07 stat) and
(1.40 ± 0.09 stat) for M2 and M3 respectively. Where the higher extraction flow in
M3 compared to M2 did not yield a significant difference in the radon reduction.
For M4 additional GXe from the two cable feed through vessels has been extracted.
This led to another significant decrease of the radon concentration of

RGXe = 2.4± 0.2

with respect to the radon concentration achieved by the LXe-only mode. Note that
the additional reduction factors for the GXe modes (M2 - M4) are not affected by
the aforementioned systematic uncertainty since they are compared to interval M1
in which the LXe purity is already low. The combination of both modes will allow to
reach or even surpass the radon concentration of 1µBq/kg for which the XENONnT
experiment was designed for.

2.2 Alpha events in gaseous nitrogen

Prior to the filling of the XENONnT detector with LXe, several tests and measure-
ments were carried out while the system has been evacuated and filled with nitrogen.
These tests included first characterization measurements of the PMTs as well as the
radon emanation measurements described in [70]. Data has been acquired through-
out some of those periods which allows to independently study alpha events in the
detector.
First the light production via fluorescence in nitrogen will be discussed together

with the identification of these events in the XENONnT detector. Afterwards the
time-dependence of the alpha-induced event rate will be analyzed and conclusions
on the 222Rn emanation as well as the 210Po surface activity will be drawn.

Fluorescence of nitrogen

The fluorescence of nitrogen is exploited by several experiments studying air-showers
from ultra-high energy cosmic rays like the Pierre Auger observatory [102]. The
fluorescence of nitrogen is mainly located in the ultraviolet (UV) regime between
wavelengths of 300 nm and 400 nm [103]. Figure 2.10 shows the nitrogen fluorescence
spectrum reported on in [103, 104] for excitation with an electron beam. The differ-
ent lines correspond to emissions from different electronic transitions. Since the ni-
trogen is in molecular form, these lines are broadened to a band structure due to the
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Figure 2.10: Fluorescence spectrum of electrons in dry air [103] with wavelength dependent quan-
tum efficiency of the R11410 PMTs used in the XENONnT experiment [105].

additional rotational and vibrational degrees of freedom of the diatomic molecules.
The wavelength dependent detection efficiency of the Hamamatsu R11410 PMTs is
indicated by the dashed black line in the figure on the right y-axis as has been mea-
sured in [105]. It can be seen that the PMTs used in the XENONnT experiment have
an almost constant quantum efficiency throughout the nitrogen fluorescence spec-
trum which means that these photons are expected to occur in the nitrogen-filled
detector.
Indeed, an additional population of events can be observed in the XENONnT data

as soon as the detector is filled with nitrogen. Figure 2.11 compares events PMT
signal recorded under vacuum (left) and in a nitrogen atmosphere (right). Shown
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Figure 2.11: Comparison of data taken in vacuum (left) and nitrogen (right). A discrete popu-
lation at an area of approximately 100PE is visible only in the nitrogen data (red box). These
events are compatible with the fluorescence of nitrogen caused by interactions of alpha particles.
A reference region containing mostly background events is indicated in gray.
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2.2 Alpha events in gaseous nitrogen

is the detected area as a function of the fraction of area detected by the PMT
seeing the most signal in each event. This variable describes how much an event is
localized within a single PMT. Lower values correspond to events in which the light
is more equally distributed among the participating PMTs, whereas values closer
to one mean that most of the light has been detected by one individual PMT. It
can be seen that the population enclosed in the red selection is only present in the
data collected with nitrogen inside the detector. A likely origin of those events is
therefore the fluorescence of nitrogen. Events at lower energies are likely caused by
external gamma radiation.
The fluorescence yield of pure nitrogen for 5.3MeV alpha particles has been mea-

sured to be around 1000 photons [106]. Where the fluorescence yield for air is found
to be significantly lower [103, 107]. Assuming a typical photon detection efficiency
of the order of 10% [108] 2, this matches with the occurrence of alpha induced events
in the XENONnT data at around 100PE. The time width of the events falling into
the red selection is found to be of the order of 50 ns [109]. The different lifetimes of
the excited nitrogen states have been measured for example in [103] and are found to
lie between 30 ns to 65 ns. Since this is also compatible with the observations from
the XENONnT nitrogen data strengthens the hypothesized origin of these events to
come from alpha particles interacting with the gaseous nitrogen.

Time evolution of the event rate

For the radon emanation measurements reported in [70], the detector was filled re-
peatedly with radon-free nitrogen. The gas is then left in the detector for a period
of approximately one week in order to allow the emanated radon to accumulate.
Throughout this period, data with the PMTs was occasionally collected. After this
time, a fraction of the gas is extracted to conduct the radon measurement using an
electrostatic radon monitor.
There are two sources of alpha emission in the XENONnT detector. Alpha par-

ticles can either be emitted by 210Po which has deposited on the internal surfaces
of the detector during construction or by emanated 222Rn as well as its subsequent
decay products (see equation 2.1). In section 2.1 the data acquired in LXe is used
allowing to distinguish both contributions due to the different decay energies of the
respective isotopes. Since the energy resolution in gaseous nitrogen is too poor to
resolve the different alpha emission lines based on their energy a similar study is not
possible. However, the rate of both contributions is expected to show different time
dependencies after the detector is filled with nitrogen. Due to the accumulation
of 222Rn in the gas the radon emanation induced activity increases over time. In
contrast to the activity of 210Po which can be assumed to stay constant over the
duration of each measurement.
Figure 2.12 shows the time evolution of the detected rate of events selected by the

box illustrated in figure 2.11 (blue markers). The x-axis shows the duration in days
2Note that this is only an order of magnitude estimate. This approximate value corresponds to
a liquid xenon-filled detector and for photons at the liquid xenon scintillation wavelength.
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Figure 2.12: Evolution of the rate of alpha candidate events (blue markers) in nitrogen as a
function of time after nitrogen filling of the detector. The data is fit (green line) with a model
describing the radon in-growth in the detector together with a constant rate (equation 2.5). The
rate found in the reference region shown in figure 2.11 is indicated in gray. The fit of the alpha
data with a constant is shown by a red line for comparison.

since the detector has been filled with nitrogen. On the right hand y-axis the rate
found in a reference region located in the gamma background is shown. Illustrated
by the green line is a fit of the data with the expected radon in-growth function.

R(t) = Rconst +Ringr ·
(
1− e−λ222Rn·t

)
, (2.5)

where the constant contribution Rconst is used to describe the fraction of the rate
from 210Po decays and the in-growth amplitude Ringr describes the alpha events
induced by 222Rn, 218Po and 214Po and λ222Rn is the decay constant of 222Rn.
Table 2.1 compares the extracted rate values for the three nitrogen fillings that

have been performed. It can be seen that the extracted values for Rconst are found to

Table 2.1: Comparison of the extracted event
rates for the three nitrogen fillings that were
performed with the XENONnT detector.

Filling Rconst Ringr

First (72± 2)mHz (22± 5)mHz
Second (63± 2)mHz (20± 4)mHz
Third (67± 3)mHz (12± 5)mHz

be similar between the three measurements. In this study there is no selection of a
fiducial volume. Therefore the complete internal surface as calculated in section 2.1.3
needs to be considered. This is estimated to be 9.6 m2. From the measured value an
approximate surface activity of (7 ± 0.5)mBq per square meter would be inferred,
which is roughly 40% higher than the value measured using the LXe data above.
For the radon induced rate the average of the three fillings yields (18±6)mHz. Note
that this value reflects the summed activity from the 222Rn as well as its daughters.
Some of these decay products will plate-out on the walls of the detector. This adds
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a large uncertainty on the estimation of the 222Rn, since the exact ratio with which
each of them is detected is not known. Two limiting cases can be considered in order
to give a lower and an upper bound. For the lower bound it is assumed that the
rate is shared by all three isotopes in equal parts, while for the upper bound it is
assumed that the full rate stems only from decays of 222Rn. This contains the radon
emanation rate between (6±2)mBq and (18±6)mBq.
This emanation rate cannot be directly compared to emanation of the full

XENONnT detector as measured using the LXe data shown in section 2.1.4. That
is because the nitrogen has not been circulated through the system leading to a
potentially inhomogeneous distribution of the radon in the system. However, the
location and size of the radon sources is known from the dedicated radon screening
campaign reported in [70]. Summing the emanation of the components closest to
the TPC gives a radon emanation rate of about 11Bq. The fact that this falls into
the above stated interval makes the hypothesized origin of these events to be from
radon induced alpha decays very plausible.

2.3 Summary and discussion

The ambitious scientific goals of the XENONnT experiment can only be achieved, if
the challenging requirements on the experimental backgrounds are not overstepped.
One of the most important background contributions arises from the constant em-
anation of 222Rn from materials in the detector. Two different studies have been
presented in this chapter, to quantify the amount of 222Rn in the detector via its
induced alpha decays. The data which has been evaluated, was collected during the
commissioning phase of the detector. This allowed to additionally investigate the
impact of the new radon removal unit, as well as the LXe purification system onto
the radon concentration.
The first study uses data which has been recorded when the detector was already

filled with LXe. For most of the time however, it was not operated as a TPC,
since the field which is necessary for the charge extraction was turned off. This
precaution was taken due to the quickly changing detector conditions during the
commissioning phase. The developed analysis therefore only relies on the informa-
tion of the S1 signals to measure the radon rate. Estimation of the fiducial mass
and the complete reconstruction of the alpha energy-spectrum was done using ad-
ditional data with S1&S2 signals, which was acquired during a short time period.
With this it was possible to measure the 222Rn concentration of the XENONnT
experiment to be

(
3.6 +0.7

−0.3

)
µBq/kg. This is slightly less than the radon concen-

tration of
(
4.2 +0.5

−0.7

)
µBq/kg which is predicted by the dedicated radon screening

campaign [70]. For the second study, data from earliest stages of commissioning is
used, during which the detector was filled with gaseous nitrogen. Exploiting the flu-
orescence light of the nitrogen, allowed to detect alpha particles emitted by 222Rn,
as well as its decay products. The poor energy resolution of the nitrogen-filled detec-
tor, however, does not allow for a full reconstruction of the alpha energy spectrum.
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2. Detection of radon-induced alpha events in the XENONnT experiment

Therefore, the time dependence of the alpha event rate is used to distinguish the
contribution of 210Po deposited on the surface and 222Rn from emanation. Still, this
analysis has rather large uncertainties and the results agree with the ones from the
first study only on an order of magnitude level.
Using the presented S1-only analysis furthermore allowed to keep track of the

radon concentration during the commissioning of the radon removal system. The
system is able to remove radon from xenon by means of cryogenic distillation (see
e.g. [77–79]). It is able to simultaneously operate in two modes, in which xenon can
be fed into the system in gaseous and/or liquid form. For the GXe-only mode, a max-
imum reduction of the 222Rn concentration in the detector by a factor of 2.4±0.2 has
been determined. An additional reduction by a factor of 2.42± 0.07 (stat) +0

−0.5 (syst)
has been achieved for the combined LXe and GXe extraction mode. This result is
affected by a simultaneous decrease of the scintillation light yield, resulting in the
systematic uncertainty. Throughout the first campaign of scientific data taking, the
system has been operated only in GXe mode, which will allow to reach a radon con-
centration of less than 2µBq/kg. The design goal of 1µBq/kg for the XENONnT
detector [6], can be slightly surpassed by the combination of both removal modes.
The XENONnT detector is also the first large-scale LXe experiment employing a

LXe purification system to remove chemical impurities from the xenon. It allowed
to reach an unprecedented large electron lifetime of more than 10ms [110]. Two
different types of oxygen filters have been used throughout the commissioning phase.
A filter with high-efficiency and a large oxygen capacity has been used first to
remove the bulk amount of impurities from the xenon inventory. Its radon emanation
was expected to be prohibitively large for a continued operation throughout the
scientific data taking period. This assumption was confirmed by the presented S1-
only analysis. Therefore, a second oxygen filter having a lower radon emanation
rate has been installed, after an appreciable purity level was reached. Its low radon
emanation was confirmed in the presented data analysis. Despite its smaller oxygen
capacity, this filter proved to be capable to maintain the high purity over an extended
amount of time. The combination of both filters made it possible to operate the
detector at a never reached level of LXe purity, while meeting the extremely low
background requirements of the experiment.
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3 Production and characterization of
stainless steel radon sources

The radioactive noble gas 222Rn is omnipresent in our environment. A large fraction
of our annual radiation exposure is due to the decay of radon and its subsequent
decay products [111]. But also the minute radon concentrations which are present in
experiments searching for rare events can be a serious concern for the sensitivity of
such detectors as detailed in section 1.2.2. Therefore, serious effort is spent during
the planning, construction and operation phase of such experiments to reduce as
good as possible the amount of radon in the experiment.
Different strategies for the reduction of the 222Rn-induced background in such

detectors are being followed and are further detailed in chapter 4. One of the most
important measures against radon are material screening campaigns allowing to
select construction materials with a low radon emanation (see for example [70, 79,
112, 113]). For the regular calibration of the radon detectors used in such campaigns,
reliable sources with a well known amount of radon emanation need to be available.
But also studies for novel techniques of radon mitigation like the coating-based
radon barriers introduced in chapter 4 heavily, rely on these sources. Especially
for the latter, radon emanation coming from stainless steel surfaces is of special
interest. Though stainless steel radon sources have been prepared for example by
electroplating of 226Ra (see e.g. [114]), such a deposit changes the surface which
might pose a problem for those studies. This chapter describes a novel approach
which uses ion implantation to produce a mostly unaltered stainless steel radon
source.
Two sources have been produced in the past [71] at the isotope separation online

device (ISOLDE) at CERN for which a detailed characterization is presented in the
first half of this chapter. Besides their application in the studies of radon mitigation,
these sources proved to be very useful also for the calibration of alpha spectrom-
eters [115, 116] and novel radon detectors [117]. The second part of the chapter is
focused on results from an alternative implantation method which uses the recoil of
the 224Ra nucleus following the alpha decay of 228Th.

3.1 Production and characterization of a 226Ra
implanted stainless steel radon source

Ion implantation is a widely applied technique for example in the semi-conductor
industry [118], where a beam of accelerated ions is used to embed atoms just below
the surface of a sample. Using a radioactive ion beam (RIB) allows to also implant
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3. Production and characterization of stainless steel radon sources

non stable isotopes like for example 226Ra. By this an initially clean material like
for example stainless steel can be artificially contaminated to provide a measurable
amount of radon emanation. In contrast to a deposition of radium on the sample
surface as for example recently reported in [114], an implantation is expected to
maintain the original properties of the surface mostly unchanged. This is a manda-
tory requirement for the application of these samples in the studies presented in
chapter 4.

3.1.1 Implantation of the samples at the ISOLDE facility

1GeV
protons

Radioactive 
ion beams (RIB)

analysing 
magnet

Target-ion 
source

electrostatic
lens

Figure 3.1: Sketch illustrating the ISOLDE facility
used for the production of the 226Ra implanted sam-
ples. Figure taken from [119].

The implantation of the samples
took place in 2017 using the RIB
provided by the ISOLDE facil-
ity at CERN [120]. Figure 3.1
schematically shows the working
principle of the facility. Among
various other short and long-lived
isotopes, the 226Ra used for the
implantation has been previously
produced by bombardment of an
uranium carbide target with a to-
tal of about 1.2 × 1018 protons.
Due to the long half-life of 226Ra
(see equation 3.2), it remains in-
side the target, which allowed to
carry out the actual implantation
without an additional proton ir-
radiation of the target (off-line).
The 226Ra was released from the
heated target via diffusion, ionized using a surface ionization source and accelerated
to an energy of 30 keV. The ion beam was cleaned from other medium and long-lived
isotopes released by the target, using the general purpose separator (GPS) analyzing
magnet. An average beam current of approximately 3 pA was obtained for the se-
lected atomic mass number of 226. Afterwards the beam is directed into the implan-
tation chamber where the two samples (sample A & sample B) were mounted. They
are cut from 1mm thick stainless steel sheets and are approximately 2 cm× 2 cm in
size. Before shipping the samples to CERN they have been thoroughly degreased
using acetone and 2-propanol. During the implantation, the RIB was swept across
the center of each sample, covering an area of 1 cm× 1 cm. The expected depth
distribution of 226Ra below the surface of the stainless steel sample can be simulated
using the “stopping and range of ions in matter” (SRIM) code [121] and is shown in
figure 3.2. It is expected that the ions are located at a mean depth of 7.9 nm below
the surface with a standard deviation of the distribution of 2.3 nm. This shallow
implantation depth allows 21% - 23% of the radon produced inside the sample to
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Figure 3.2: Expected depth distribution of implanted 226Ra ions in the stainless steel sample as
simulated using SRIM [121]

escape by recoil (see section 3.3).
In this proof-of-principle implantation each sample got implanted with about 5×

1011 atoms of 226Ra [71]. Multiplying this number with the radium decay constant,
λ226Ra, directly yields the expected 226Ra activity of the sample

A226Ra = N226Ra · λ226Ra

A226Ra ≈ 7 Bq . (3.1)

The mechanical stability of the implantation has been tested by wiping the implanted
sample using an ethanol soaked filter paper. It was found that despite its shallowness
only about 0.2% of the activity could be removed suggesting a sufficient mechanical
stability.
The measurements presented in the next sections are aimed at the validation of

the activity, as well as the determination of the available radon emanation from the
samples. The characterization measurements are followed by a description of various
short-lived contaminants, which have been present in the samples shortly after their
implantation.

3.1.2 Spectrometric measurements

The implanted radium atoms are decaying according to the uranium decay series.
For reference, the relevant part of this series is given below:

226Ra
4.9 MeV

=====⇒
1600 y

222Rn
5.6 MeV

=====⇒
3.8 d

218Po
6.1 MeV

=====⇒
3.1 min

214Pb

β−−−→
27 min

214Bi
β−−−→

20 min

214Po
7.8 MeV

=====⇒
160µs

210Pb
β−−→

22 y
. . . (3.2)
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The alpha transitions of the chain are indicated by double arrows with their corre-
sponding alpha particle energies. Isotopes following the decay of 210Pb are neglected
here because the half-life of 210Pb is much longer than the time-frame following the
implantation.

Figure 3.3: Photograph of the implanted
stainless steel sample inside the holder used
for the spectrometric measurements.

Based on the alpha energy, decays of
226Ra can be clearly distinguished from
the decays of the other isotopes present
in the chain. Similarly, there is a char-
acteristic gamma particle with an en-
ergy of 186.2 keV being emitted follow-
ing some of the 226Ra decays. Therefore,
the amount of implanted 226Ra activity
can be determined directly using alpha
and gamma spectrometry. For these mea-
surements, each sample has been installed
into a cylindrical high density polyethy-
lene (HDPE) holder with an outer diame-
ter of 2.7 cm where it is fixed in place using
a holder ring as shown in figure 3.3. This
holder allows for safe handling of the sample and ensures that it is placed at a fixed
position inside the spectrometers.

Alpha spectrometry

The alpha spectrometers use a windowless Hamamatsu S3204-09 silicon positive in-
trinsic negative (PIN) diode with an active detection surface of 18× 18 mm2 [122]
for alpha particle detection. The diode is mounted on the top flange of a vacuum
vessel, where it is facing the active side of the implanted sample. During the mea-
surement the pressure inside the spectrometer needs to be kept below the millibar
level to reduce the energy loss of the alpha particles as they cross the space be-
tween the sample surface and the diode. Note that the alpha particles will lose an
additional 0.1% of their initial energy within the thin stainless steel layer covering
the implantation site. However, this is well below the energy resolution of the PIN
diode and the resulting small shift in the energy spectrum is not visible. The neg-
ative (electrons) and positive (holes) charge carriers produced in the PIN diode by
the impinging alpha particles are collected on the anode and cathode plane of the
diode. After pre-amplification, both signals are fed into a differential amplifier [123]
before the height of the resulting signal is digitized using a FAST ComTec MCA-
3 multichannel analyzer. Since the signal height is proportional to the amount of
deposited charge in the diode, it gives a measure of alpha particle energy.
Figure 3.4 shows the pulse-height spectrum of sample A 1.7 years after the im-

plantation. The spectrum shows the alpha emission lines of 226Ra, 222Rn, 218Po and
214Po which are indicated by blue lines. The spectrum is fit using a sum of four
individual Crystal-Ball (CB) functions [124] indicated by the red line showing good
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Figure 3.4: Alpha spectrum of sam-
ple A long (1.7 years) after implanta-
tion. Alpha decay lines from 226Ra and
subsequent decay products (blue) are
clearly visible. Subdominant lines from
isotopes belonging to the thorium decay
series (orange) are visible as well.
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agreement with the data (see equationD.1 in the appendix). This function is com-
monly used to describe the shape of alpha emission peaks detected by silicon PIN
diodes (e.g. [125]) since it combines a Gaussian probability density function (PDF)
with a power-law tailing towards lower energies. The tailing is explained by events
in which part of the alpha energy is lost inside the insensitive regions of the diode.
Further small contributions to the spectrum are visible, which can be attributed to
216Po and 212Po (orange lines), which are part of the primordial thorium decay series.
The presence of these isotopes will be discussed in more detail in section 3.1.4.
For the measurement shown in figure 3.4, the sample has been placed inside the

HDPE holder and put onto the tray of the spectrometer described in [115, 125]. The
distance between the sample surface and the diode was chosen to be (1.2± 0.2) cm,
resulting in a geometrical detection efficiency of

(
11.2 +2.9

−2.2

)
% as estimated using a

Monte-Carlo simulation.
To reduce any potential bias from events belonging to the tail region of 222Rn, the

226Ra activity is determined using the normalization constant of the CB-function.
This number is then corrected for the geometric detection efficiency mentioned
above, to obtain the implanted activity of 226Ra which amounts to(
8.70± 0.06 (stat) +2.0

−1.8 (syst)
)

Bq. From the spectrum it can be also seen that the
detected rates of the subsequent decay products of 226Ra (222Rn, 218Po and 214Po)
are lower by about 25%. This can be explained by the fraction of gaseous 222Rn em-
anating from the sample as will be described in section 3.1.3. The emanated radon
can distribute in the large volume of the spectrometer vessel, where it mostly evades
any further detection.
A similar alpha spectrum has been acquired for the implanted sample B using a

similar spectrometer. For this measurement the distance between the sample and
the diode was increased to (10.7± 0.3) cm. While the larger distance significantly
reduces the geometric detection efficiency to only

(
2.23 +0.11

−0.15

)
× 10−3, it also reduces

the uncertainty of the detection efficiency due to uncertainties in the distance mea-
surement. Using this measurement an implanted 226Ra activity into sample B of(
9.13± 0.10 (stat) +0.7

−0.4 (syst)
)

Bq is determined.
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As can be seen in figure 3.3 a small part of the sample is covered by the holder ring.
Since the ring has a circular opening with a diameter of (1.9± 0.2) cm [126] and the
RIB was swept across an area of about 1 cm× 1 cm around the center of the sample,
none of the activity should be covered by the ring. To verify this assumption the
alpha spectrometric measurements have been repeated under identical conditions
but with the holder ring carefully removed.

Table 3.1: Comparison of the detected alpha activities from 226Ra of both samples with
and without the holder ring present. Note that both samples were measured in different
setups with very different detection efficiencies. The last row reports the activity after
its correction for the detection efficiency.

Measurement Sample A Sample B

Detected rate (mHz) - -
with holder 972± 8 stat

* 20.3± 0.3 stat

without holder 977± 11 stat
* 20.5± 0.3 stat

Det. efficiency
(
11.2 +2.9

−2.2

)
%

(
2.23 +0.11

−0.15

)
h

Implanted activity (Bq) 8.70± 0.06 stat
+2.0
−1.8 syst 9.13± 0.10 stat

+0.7
−0.4 syst

* Data taken from [126].

In table 3.1 the detected activities for the four measurements are reported together
with their statistical uncertainties. Note that for the direct comparison between
both cases the uncertainty from the detection efficiency can be neglected, since the
setup was kept identical. As can be seen for each sample both measurements are in
good agreement. The majority of the implanted activity is therefore indeed confined
within (1.9± 0.2) cm around their center.

Gamma spectrometry

Besides the measurements of the alpha particle energies, gamma spectra of both
samples have been acquired using the high purity germanium (HPGe) spectrome-
ter described in [127]. During the measurement the chamber is constantly flushed
with nitrogen to remove radon from the inside. The detector itself is a 0.63 kg p-
type HPGe crystal, surrounded by a copper, steel, and lead shield with a minimum
thickness of 16 cm. A cutaway sketch of the detector and its shielding is shown in
figure 3.5. Additional multi-wire proportional chambers surround the active volume
and are used as active muon veto [128]. The detector is suited in the shallow under-
ground laboratory at the Max-Planck-Institut für Kernphysik (MPIK) where it is
shielded by an overburden of 15 meter water equivalent (mwe) [129].
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Figure 3.5: Sketch of the HPGe gamma
spectrometer showing the interleaved shield-
ing layers. Figure adapted from [128].

By the decay of 226Ra into 222Rn, the
daughter is produced in an excited nuclear
state in about 6% of the cases. The new
formed nucleus then rapidly de-excites un-
der emission of a 186.2 keV gamma parti-
cle [76]. Just as for the alpha spectrome-
ter the probability with which this gamma
particle can be detected depends on the
geometry of the setup. However, not all
gamma particles reaching the detector de-
posit their full energy within the HPGe
crystal. So in addition to the geometric
efficiency, the full-absorption probability
needs to be taken into account. Both ef-
fects are estimated using a GEANT4 [130]
based Monte-Carlo simulation. The com-
bined detection efficiency then amounts to
(10.2± 1.2)%[128]. Finally the rate needs to be corrected for the fact that only in
6% of the disintegrations the gamma is emitted.
Figure 3.6 shows a HPGe gamma spectrum of sample B 3.4 years after implanta-

tion. Emission lines from 226Ra (red) as well as from its daughter isotopes 214Pb
(yellow) and 214Bi (blue) can be seen. The lines are on top of a continuous back-
ground distribution caused by gamma particles depositing only a fraction of their
full energy within the HPGe crystal as well as from residual cosmic rays. The inset

Figure 3.6: HPGe spectrum of sam-
ple B recorded 3.4 years after the im-
plantation. The energy region close to
the emission line of 226Ra (red) at an
energy of 186.2 keV is enlarged in the
inset. Emission lines from the daughter
isotopes 214Pb (yellow) and 214Bi (blue)
are highlighted as well.

250 500 750 1000 1250 1500 1750 2000
-Energy (keV)

100

101

102

103

Co
un

ts

²² Ra
²¹ Bi
²¹ Pb

175 180 185 190 195

200

400

600

²²
Ra

shows a zoom-in of the region close to the 186.2 keV emission line of 226Ra. High-
lighted by the darker red color is the region within which the line activity Asig is
evaluated, while its side bands (light red) are used to estimate the background of
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the line Abkg. The activity A226Ra of 226Ra is then evaluated as

A226Ra =
Asig − Abkg
εdet · εBR

, (3.3)

where εBR is the 6% probability for the emission of the 186.2 keV gamma particle
and εdet is the detection efficiency as described above.
The determined activities for the implanted 226Ra are then found to be

(7.4± 0.1 (stat)± 0.9 (syst)) Bq and (8.4± 0.3 (stat)± 1.0 (syst)) Bq for sample A
and sample B respectively. As already observed using the alpha spectrometer the
implanted activity in sample B seems to be larger by about 13% compared to the
one of sample A. The results from gamma and alpha spectrometry are found to be
in agreement given their systematic uncertainties.
For the two short-lived daughter isotopes 214Pb and 214Bi the gamma spectrum

shows an activity which is lower by approximately 2Bq (see also table 4.3 in chap-
ter 4). The different rate can be explained by the radon emanation of the samples.
Note that both isotopes are located after 222Rn in the decay scheme (see equa-
tion 3.2). Radon which is emanated from the sample is either removed by the nitro-
gen flushing or it distributes inside the plastic dish housing the sample holder such
that the subsequent decays feature a reduced geometric detection efficiency. Both
effects would lead to a reduction in the detected activity of these subsequent decay
products. In section 3.1.3 the exact quantification of the 222Rn emanation will be
discussed.

3.1.3 Measurement of radon emanation

Figure 3.7: Photograph of the vessel used
for the radon emanation measurements of
the implanted stainless steel samples. The
aluminum ring in the front is used to fix the
sample in place.

The primary motivation for the produc-
tion of the samples was their application
as radon sources. Two different measure-
ments determining the amount of radon
emanation from the samples were carried
out and will be described in this section.
The radon emanation rate at room tem-
perature was measured for both samples
using miniaturized proportional counters,
whereas the low-temperature dependence
of the emanation was assessed for sample
B using an electrostatic radon monitor.
For both measurements the sample was

placed into a gas-tight emanation vessel as
shown in figure 3.7. It is made from two
CF-40 flanges between which the sample is
centered using the depicted aluminum ring with a 24.1mm wide, concentric opening.
Before each measurement, the emanation vessel is filled with helium and the sample
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is left for emanation for several days. During this emanation time the radon activity
A222Rn(t) inside the vessel grows-in towards an equilibrium in which the rate of
decaying 222Rn atoms equals the radon release rate of the sample.

A222Rn(t) = Aem ·
(
1− e−λ222Rn·t

)
. (3.4)

Here λ222Rn is the decay constant of 222Rn and Aem the radon emanation rate of
the sample. For the measurement the accumulated radon is extracted from the
emanation vessel together with the helium carrier gas. Radon is retained in an
activated carbon trap which is cooled using liquid nitrogen, while the carrier gas
can be pumped away. The radon trap is then heated up to release the radon again
in order to transfer it into either one of the two detectors mentioned above. The
amount of emanated radon can then determined by the counting the number of
decays observed in the detector.
Note that the top flange of the emanation vessel features a concentric 6.55mm

deep and 24.67mm wide recess (see figure 3.7), such that a minimum clearance be-
tween the sample surface and the vessel walls of about 5.6mm is maintained. This
is important since recoiling 222Rn atoms can have sufficient kinetic energy to get
implanted into the steel vessel where they would potentially be lost for the measure-
ment. The mean range of the 222Rn recoil was estimated using SRIM to amount
to about 4.5mm in a helium atmosphere of 100mbar. Therefore, a minimal helium
pressure of 200mbar has been chosen for all emanation measurements presented in
the following.

Emanation at room temperature

For the emanation measurements carried out at room-temperature conditions, the
local radon screening facility at the MPIK detailed in [79, 131] has been used. It uses
miniaturized proportional counters which were originally developed for the GALLEX
solar neutrino experiment [132]. After the radon sample is released from the carbon
trap it is cleaned from potential impurities that could affect the counting process.
It is then filled into the counter volume of about 1 cm3 together with a counting gas
mixture of 10% methane and 90% argon (P10). Alpha decays from radon as well as
its subsequent decay products are then counted for a certain amount of time. The
number of observed alpha events is then corrected for the known background rate of
the counter as well as the radon detection efficiency of the counter. Together with
the counting duration, this yields the amount of extracted radon from the emanation
vessel.
Two measurements have been carried out for each of the two implanted samples,

for which the results are shown in figure 3.8. For each sample both measurements are
found to be in very good agreement. The weighted average of both measurements is
(2.07± 0.05) Bq and (2.00± 0.05) Bq for sample A and sample B respectively. For
three out of the four measurements emanation took place in a helium atmosphere
at a pressure of 1050mbar. With the exception of the first measurement of sample
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Figure 3.8: Radon emanation of both
226Ra implanted stainless steel samples
at room temperature as measured using
miniaturized proportional counters.
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B, for which a significantly lower helium pressure of only 200mbar has been chosen.
As the resulting radon emanation rate is found to be compatible with the other
measurement of that sample, a strong pressure dependence can be ruled out.
Comparing the radon emanation rate to the total implanted 226Ra activity it can

be seen that only between 20% to 28% of the 222Rn produced in the sample is able to
make its way out of the sample. This emanation fraction is in good agreement with
the expected fraction for a purely recoil-driven emanation process as will be discussed
in section 3.3. So it can be concluded that the majority of the radon escapes from
the sample by recoil with the release via diffusion playing a subdominant role.

Emanation at low temperatures

Vac

P
Thermal

bath

Emanation 
vessel

He

N2

Charcoal
trap

Radon 
monitor

Sample

Figure 3.9: Sketch of the setup used to
study the temperature dependence of the
radon emanation from the 226Ra implanted
stainless steel sample

The difference between a recoil and a dif-
fusion dominated emanation process be-
comes even more clear when looking at
the temperature dependence of the ema-
nation rate. While a diffusion dominated
process exhibits a strong temperature de-
pendence, the emanation rate for a recoil
driven process is expected to be mostly
independent with temperature. Studying
the behavior of the sample at low temper-
atures is also necessary for any potential
application of the source in a cryogenic en-
vironment in the future.
The temperature during the emanation

is maintained constant using a thermal
bath filled with 4 liters of a 2:1 mixture of ethylene glycol (anti-freeze) and wa-
ter. Its temperature is regulated using an (HAAKE EK 90) immersion cooler and
monitored by a PT100 temperature sensor. To reduce the heat influx from the out-
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side, the emanation vessel (figure 3.7) holding the implanted sample b is connected
to the extraction setup shown in figure 3.7 via a 30 cm long bellow. A magnetically
coupled stirrer has been used to guarantee the homogeneity in the thermal bath. For
each measurement the emanation vessel has been filled with helium to a pressure
of (203± 3)mbar. After an emanation duration of about one week, the carrier gas
was extracted together with the accumulated radon using a turbo molecular pump
(TMP). The radon was separated from the helium carrier by an activated carbon
trap held at liquid nitrogen temperature. Following the extraction, the radon was
released by heating the trap to 150 ◦C, and transferred for counting into the elec-
trostatic radon monitor described in [133] by a stream of gaseous nitrogen.
The radon monitor is equipped with the same type of silicon PIN diode as is used

for the alpha spectrometers described in section 3.1.2. However, the monitor is filled
with 1050mbar of nitrogen and does not detect the alpha particle emitted in the
decay of 222Rn. It relies on the collection of the positively charged radon daugh-
ters [134] by an electric field, applied between the grounded detector vessel and the
PIN diode, which is biased by a negative high voltage (HV) of 1 kV. Following the de-
cay scheme shown in equation 3.2, alpha particles emitted in the subsequent decays
of 218Po and 214Po can then be detected 1. Since 214Po has the highest decay energy,
events from this decay can be selected easily from the spectrum. Furthermore it
features a slightly higher detection efficiency compared to 218Po. The combined col-
lection and detection efficiency of the radon monitor was measured to be (35± 2) %
in two reference measurements using a radon source with a known radon emanation
rate of (52± 3) mBq.
Besides the detection efficiency, the following effects are also taken into account

and corrected for to determine the 222Rn emanation rate of the sample from the
number of observed 214Po decays. Since the emanation duration is approximately
one week long, the amount of collected radon is always lower than the emanation rate
of the sample (see equation 3.4). Similarly the measurement duration is not infinite
and therefore a certain fraction of the collected radon will be left over when the
measurement is stopped. Also there is a small fraction of the radon which already
decays during the transfer from the emanation vessel via the carbon trap into the
monitor. And lastly the first hours of data will be left out from the analysis, because
in this period the activity of 214Po is not in equilibrium with the 222Rn activity (see
equation 3.2).
Figure 3.10 shows the radon emanation rate of the implanted sample B as a func-

tion of the bath temperature. The error bars along the x-axis represent the standard
deviation of the bath temperature throughout the emanation process. The uncer-
tainty on the measured activity combines the counting uncertainty from the number
of observed 214Po decays, as well as the uncertainty on the detection efficiency and
the ones resulting from time variations in the measurement procedure.
It is found that the emanation rate is stable within 5% for temperatures down

1Any activity observed at the energy of 210Po cannot be from the sample, due to the long half-life
of 210Pb.
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Figure 3.10: Dependence of the 222Rn emanation of the implanted sample B on the temperature

to −30 ◦C. Note that the average emanation rate measured using the electrostatic
radon monitor is however 12% lower than the one measured using miniaturized
proportional counters at room temperature. Possible reasons for this discrepancy
include a bias in the estimation of the detection efficiency as well as slight losses
of radon during the transfer procedure, which are not accounted for. Despite this
slight discrepancy the measurement shows no strong temperature dependence of the
emanation rate, which strengthens the previous hypothesis of a recoil dominated
emanation process.

3.1.4 Contamination by short-lived isotopes

All results shown until now are obtained from measurements carried out more than
one year following the implantation. Shortly after the implantation, both samples
contained a significant amount of additional activity from several short-lived iso-
topes. Since most of them are close to the mass number of 226Ra, it is believed that
they got co-implanted due to an imperfect mass separation. This section focuses on
the identification and quantification of these isotopes.
A cool-down period of several weeks had to be waited in order to safely ship

the samples from CERN to MPIK. Right after their arrival first alpha and gamma
spectrometric measurements have been carried out. Figure 3.11 shows an alpha
spectrum of sample B acquired only 13weeks after the implantation. The data of
this measurement has originally been reported in [115], and was re-analyzed for this
work. It shows a multitude of alpha emission lines, with the ten most prominent ones
being fit using a sum of individual Crystal Ball [124] functions, modeling each peak
separately. Figure 3.12 shows the linear relation between their fitted mean positions
and the corresponding literature values of their alpha energies, confirming the correct
attribution of the identified emission lines. The red line shows the result of a linear
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Figure 3.11: Resulting alpha spectrum of implanted sample B carried out only 13weeks after
the sample has been implanted. The spectrum reveals contributions of several radioactive decay
chains indicated using different colors. The most prominent lines are fit using individual Crystal
ball functions [124], where gray indicated regions are excluded from the fit (measurement originally
reported in [115]).

fit to the data points which can be used to derive the energy calibration (upper x-
axis in figure 3.11). The identified alpha emission lines can be attributed to isotopes
belonging to the three decay chains of 226Ra (blue), 225Ra (green) and 227Th (orange).
For the measurement the sample has been placed (13.2± 0.2) cm away from the Si-
PIN diode, which results in a detection efficiency of (1.47 ± 0.04) × 10−3. The
vacuum inside the spectrometer was maintained below millibar level by continuous
pumping.

The activity in 226Ra as well as its subsequent decay products (see equation 3.2)
has been discussed already in detail in section 3.1.2. One difference in the present
spectrum is that a subdominant alpha line from 226Ra with a branching fraction of
about 6% and an alpha energy of 4.68MeV [76] can be resolved separately. This
is likely because of a better energy resolution as compared to the alpha spectrum
shown in figure 3.4. Furthermore, the alpha emission line of 210Po is visible. This is,
however, a known background contribution present on the PIN diode and therefore
not representative for the activity of the sample.

The second largest contribution to the spectrum is from isotopes belonging to the
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Figure 3.12: Extracted positions from
the alpha lines shown in figure 3.11 as
a function of their alpha emission ener-
gies. The linear fit indicated by the red
line agrees well with the data points,
indicating good linearity of the instru-
ment response.
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decay series of 225Ra (green) which is given below

225Ra
β−−→

15 d

225Ac
5.9 MeV

=====⇒
10 d

221Fr
6.5 MeV

=====⇒
4.9 min

217At

7.2 MeV
=====⇒

32 ms

213Bi
β−−−→

46 min

213Po
8.5 MeV

=====⇒
4.2µs

209Pb (3.5)

Note that only the line from 225Ac is visible in the alpha spectrum, since 225Ra itself
decays via a beta decay. Therefore, the presence of 225Ra inside the sample cannot
be directly constrained. Since the half-lifes of 225Ra and 225Ac are slightly different,
an indirect conclusion can be drawn via the time evolution of the subsequent decay
products. For this, the alpha emission line of 213Po is best suited, since it is well
separated from the low-energy tail regions of the other isotopes.

Figure 3.13: Time evolution of the
detected event rate of 213Po alpha de-
cays in sample A. The measurement has
been started 13weeks after the implan-
tation took place. The red line indi-
cates the fit of the data as described in
the text.
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Figure 3.13 shows the detected rate of 213Po alpha events as a function of the mea-
surement duration. The time evolution of the 213Po activity is defined by a system
of coupled differential equations which represents the decay series of equation 3.5.
Its solution is found using the same method as is introduced in section 3.2.2 and
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fit to the data, to extract the relative amount of 225Ra and 225Ac. After correcting
for the detection efficiency, their activities right after implantation are found to be
(104± 24 (stat)± 3 (syst)) Bq for 225Ra and (2.21± 0.6 (stat)± 0.06 (syst)) kBq for
225Ac.
Further alpha lines appear in the spectrum when looking at the residuals between

the data and the fit function (lower panel of figure 3.11). Since these lines are rather
small, they have not been included into the fit of the spectrum and the corresponding
regions indicated by gray bands have been excluded to prevent a bias. The excess
located around an energy of 6.2MeV (green dashed line) is likely caused by an
additional alpha transition of 221Fr having a branching fraction of about 1%. The
remaining peaks (orange dashed lines) can be attributed to the decays of isotopes
belonging to the decay series of 227Th.

227Th
6.0 MeV

=====⇒
19 d

223Ra
5.7 MeV

=====⇒
11 d

219Rn
6.8 MeV

=====⇒
4.0 s

215Po

7.4 MeV
=====⇒

1.8 ms

211Pb
β−−−→

36 min

211Bi
6.6 MeV

=====⇒
2.1 min

207Tl (3.6)

The activity of this chain is estimated using small regions around the corresponding
alpha emission lines from 211Bi, 219Rn, and 215Po. The background contributions
from the low-energy tails of 217At and 214Po are estimated and subtracted using the
fit function and the activities from the three lines are averaged. As 223Ra is much
further away from 226Ra in its atomic mass than 227Th, it seems more likely that
227Th has been co-implanted into the samples. Under this assumption, an initial
activity of 227Th of (2.53± 0.09 (stat)± 0.07 (syst)) Bq can be estimated.
As mentioned already in section 3.1.2 the alpha spectrum of sample A shows ad-

ditional small peaks from the alpha decays of 212Po and 216Po (see figure 3.4). Both
isotopes are part of the primordial thorium decay chain given in equation 3.7 (see
next section). The presence of this decay chain is confirmed independently by HPGe
measurements revealing the gamma emission line of 208Tl at an energy of 2.61MeV.
That these isotopes are present even 1.7 years after the implantation requires that
a rather long lived mother isotope got implanted in the sample. The most likely
explanation is that either 228Th and/or 228Ra with have half-lifes of 1.9 years and
5.8 years respectively got co-implanted in the sample. The activity present in these
isotopes was estimate based on the 212Po activity found in the measurement shown
in figure 3.4 and is found to be

(
13± 2 (stat) +3

−2 (syst)
)

mBq.
Though a systematic uncertainty on the detection efficiency has been evaluated,

there are other sources of uncertainties in the above estimations. 213Po for example,
is preceded by three alpha decays in the decay chain given in equation 3.5. Since
in every alpha decay there is a 25% chance that the daughter nuclei is ejected from
the sample, 213Po has only a probability of approximately 42% to remain inside the
sample for its decay. Nuclei which are recoiling out of the sample, can get implanted
at another location inside the spectrometer, from which their subsequent alpha de-
cay features a different detection efficiency. Therefore, the measured activities are
converted into an order of magnitude estimation for their comparison shown in ta-
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ble 3.2. From the activities right after implantation (second column), the absolute

Table 3.2: Order of magnitude comparison between the activ-
ities found for the different short-lived isotopes present in the
samples. The second column gives the estimated implanted
activity whereas the last column shows the ratio between the
number of ions with respect to the number of implanted 226Ra
ions.

Isotope Implanted activity
Number ratio
wrt. 226Ra

226Ra O(10)Bq 1
225Ra O(100)Bq 10−4

225Ac O(1) kBq 10−3

227Th O(1)Bq 10−5

228Th /228Ra O(10)mBq 10−6

number of implanted ions of the respective isotope can be calculated using equa-
tion 3.1. The ratio with respect to the number of implanted 226Ra ions is listed in
the third column and gives an approximate measure for the purity of the RIB.
On implanted sample B, another unexpected contribution by 139Ce was identified

using HPGe gamma spectrometry. The single gamma emission line observed at an
energy of 165.9 keV is shown in the inset of figure 3.14. Three subsequent measure-
ments over the period of 1 year following the implantation have been carried out,
showing the expected decrease of activity in this line as shown in figure 3.14. The

Figure 3.14: Evolution of the 139Ce
activity found in sample B using HPGe
gamma spectrometry. The red line in-
dicates the fit of the data points with an
exponential function. Shown in the in-
set is the region of the gamma spectrum
close to the 139Ce and 226Ra emission
lines. The activity of each line is eval-
uated within the darker shaded areas,
while the background is estimated from
the left and right side bands shaded
slightly brighter. 0 100 200 300 400 500
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red line shows a fit of the three data points with an exponential function yielding a
half-life of (130± 5) d which is in very good agreement with the literature half-life
of this isotope (T1/2(139Ce ) = 137.6 days) [135]. Co-implantation like for the other
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short-lived isotopes seems an unlikely explanation for 139Ce since its mass number
is far away from 226Ra. At this point it stays unclear how this isotope arrived on
one of the two samples.
In conclusion, the usability of the samples as sources of radon emanation is not

negatively affected by the initial presence of those short-lived isotopes. After a cool-
down period of several months, their activity is vanished with only a small fraction
remaining from 228Ra/228Th.

3.1.5 Summary and comparison

In this section, two radon sources which were produced by implantation of 226Ra
are described. The samples have been implanted with a radium activity of about
7Bq each using the RIB of the ISOLDE facility located at CERN. The implanta-
tion is located about 8 nm below the sample surface which proved to be sufficient
to achieve mechanical stability against wiping. The amount of implanted activity
has been confirmed by independent gamma and alpha spectrometric measurements
as summarized in table 3.3. Shortly after the implantation a significant activity
in several short-lived isotopes was detected in both samples. Luckily these con-
taminants did quickly decay away without a lasting impact on the usability of the
samples. Both samples provide a comparable radon emanation rate of about 2Bq.
The observed emanation fraction of 20% to 28% is well explainable by a purely
recoil driven emanation process. This assumption is strengthened further by the
absence of a temperature dependence of the emanation rate. Table 3.3 summarizes
the different results obtained in this section.

Table 3.3: Comparison of the results from HPGe spectrometry, alpha spectrom-
etry and radon emanation of the two implanted stainless steel samples.

Measurement
Result (Bq)

Sample a Sample b

Implantation about 7 about 7
222Rn emanation 2.07± 0.05 2.00± 0.05

γ-spectrometry 7.4± 0.1 stat ± 0.9 syst 8.4± 0.3 stat ± 1.0 syst

α-spectrometry 8.70± 0.06 stat
+2.0
−1.8 syst 9.13± 0.10 stat

+0.7
−0.4 syst

The method of 226Ra implantation using an ion beam has also been applied re-
cently to produce sources of 222Rn emanation made from tungsten and aluminum.
This independent study is reported on in [136] and concludes on very similar prop-
erties of the produced sources as compared to the ones produced in this work.

49



3. Production and characterization of stainless steel radon sources

3.2 Production of 220Rn emanating sources using
recoil implantation

Section 3.1 describes the production of two 222Rn emanating stainless steel samples.
They have been obtained by implantation of 226Ra ions at the ISOLDE facility.
Their stainless steel surface and sufficient emanation of 222Rn makes these samples
ideal to study the reduction of radon emanation by surface coatings (see chapter 4).
However, their production required considerable effort and time, making these sam-
ples too valuable to spend them for the necessary pre-tests of the coating procedure.
Therefore, these pre-tests were conducted on similar samples implanted with 224Ra
instead of 226Ra using an in-house setup. It utilizes the recoil energy of 96.5 keV
which is transferred onto the radium following the alpha decay of 228Th. Both iso-
topes are part of the primordial thorium decay chain, from which the section relevant
for the following discussion is shown below.

228Th
5.5 MeV

=====⇒
1.9 y

224Ra
5.8 MeV

=====⇒
3.7 d

220Rn
6.4 MeV

=====⇒
55 s

216Po
6.9 MeV

=====⇒
145 ms

212Pb

β−−−→
11 hrs

212Bi

36% ↗ 6.2 MeV
=====⇒

61 min

208Tl
β−−−−→

3.1 min
↘

64% ↘
β−−−→

61 min

212Po
9.0 MeV

=====⇒
300 ns

↗

208Pb (3.7)

With this method it was possible to rapidly produce samples with a large enough
radon emanation for those pre-tests. Unfortunately, the faster production comes
along with two significant limitations visible from the decay scheme shown above
(equation 3.7). The implanted 224Ra is short-lived and decays inside the sample
with a half-life of about 3.7 days. Therefore, each sample can only be used for
approximately three weeks following the implantation before its activity becomes
too low. Furthermore, the samples emanate 220Rn instead of 222Rn which has only
55 seconds of half-life. This is about four orders of magnitude smaller than the
half-life of 222Rn, that is the primary radon isotope considered in the coating studies
described in chapter 4. It is expected that this should have a strong impact especially
on any diffusion-driven emanation process.
Furthermore, it is expected that also the depth distribution of the 224Ra atoms

differs with respect to the samples implanted using the ion beam. The ion beam
guarantees that the ions arrive perpendicular to the sample surface, whereas the
source emits nuclei isotropically. Since nuclei can reach the surface under shallow
angles they will cover less depth before being stopped, which leads to a more shallow
and broad distribution. Also the thickness of the 228Th source can contribute to a
more shallow implantation, since 224Ra nuclei will loose part of their energy already
in the source material. Figure 3.15 shows the expected 224Ra implantation profiles
from an isotropic source using two assumptions on the thickness of the source. An
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Figure 3.15: Expected depths profile
for implanted 224Ra utilizing the recoil
from the 228Th alpha decay. The distri-
butions are simulated using SRIM [121]
for the ideal case of an infinitely thin
(blue) and an extended (red) 228Th
source. The more shallow implantation
for the thick source is a result of the en-
ergy loss of the 224Ra atoms inside the
source material.
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average implantation depths of 8.9 nm is expected from an infinitely thin (blue)
source, while this decreases to 6.3 nm for a very thick source (red). Despite the
unknown thickness of the source, the real implantation profile needs to fall some-
where in between these two cases. Surprisingly, the mean implantation depths is
very similar to the 7.9 nm of the sample implanted with 226Ra ions with an energy
of 30 keV, which is owed to the higher implantation energy from the recoil. Note
that a production of a recoil implanted 226Ra source is in principle also possible via
the alpha decay of 230Th

4.8 MeV
=====⇒ 226Ra. Loading a sample with a 226Ra activity of

10Bq within an implantation duration of 1 month would require a 230Th activity
of 0.5MBq. Since the thickness of such a source needs to be limited to . 10 nm in
order to not shield off the recoiling 226Ra nuclei, the required 230Th mass of 0.7mg
must be spread over an area of roughly 60 cm2. Such a source was neither available,
nor could it be obtained, rendering this alternative unfeasible.
Despite the mentioned short comings and differences the 224Ra implanted samples

proved very useful. In the following sections the setup used for recoil implantation
of square stainless steel samples will be described and data from measurements of
these samples will be shown.

3.2.1 Setup for recoil implantation

A kinetic energy Ekin of 96.8 keV is transferred onto the 224Ra daughter nucleus by
the alpha decay of 228Th. It is a consequence of the energy conservation in this
two-body process and given by

Ekin =

(
1− Md

Mm

)
Qα , (3.8)

where Qα is the energy released in the alpha decay and Md and Mm are the mass
numbers of 224Ra and 228Th, respectively [137]. At atmospheric pressure, this energy
is rapidly lost such that in air the typical range of the 224Ra nucleus is only approx-
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imately 76µm. Therefore, the implantation needs to be carried out in a vacuum
vessel.
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Figure 3.16: Schematic of the setup used for the recoil implantation of 224Ra into stainless steel
samples using an open 228Th source in a vacuum vessel (left). Pictures of the sample holder
assembly, 228Th source inside its holder as well as the implantation vessel (right).

Figure 3.16 shows a sketch and a picture of the setup, as well as the holder of the
sample and the source. The implantation vessel consists of a CF-63 t-piece with an
arm length of 21 cm which is connected to a vacuum pump and a Pirani pressure
gauge.
The thorium source consists of a circular stainless steel disc with a 228Th activity

of about 5 kBq at the time the implantations took place [138]. It was mounted
inside a circular holder and attached to the central flange of the t-piece as shown in
figure 3.16. The source was positioned in the center of the stainless steel pipe with
the active surface facing towards the left. The cylindrical sample holder shown in
figure 3.16 has been mounted to the left-hand flange. The square samples are held in
place by a holder ring with an opening diameter of (14.90±0.05)mm. This diameter
has been chosen to resemble a similar spread of the implantation as for the samples
implanted at the ISOLDE facility (see section 3.1.1). The sample holder is fixed to
the left-hand flange using a threaded rod, which can be used to adjust the distance
between the sample and the thorium source. A distance of (9.7± 1.1)mm between
the sample and the thorium source has been chosen for all implantations carried out
in this work. This distance allows (7.8 +0.9

−0.8)% of the emitted 224Ra to get implanted.
During the implantation the vacuum pump was kept running to mitigate possible

pressure increases from out-gassing components inside the vessel. Leak tightness
of the setup has been confirmed by regular pressure readings which were showing
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always less than 1×10−1 mbar. The number of 224Ra atoms implanted in the sample
is expected to increase towards an equilibrium characterized by the rate of newly
implanted atoms being equal to the decay rate of atoms in the sample. This is
very similar to the activity evolution of the radon in-growth given in equation 3.4.
The typical implantation duration was chosen to be one week in order to achieve
approximately 75% of the equilibrium activity. After finishing the implantation
the sample is removed from the holder and placed into the HDPE holder shown in
figure 3.5 for the measurements described in the next section.

3.2.2 Measurements of recoil implanted samples

A set of four samples (sample 1-4 ) has been implanted with 224Ra using the described
setup. After the implantation, their radon emanation has been measured using
the electrostatic radon monitor introduced in section 3.1.3. Due to the short half-
life of 220Rn, a transfer using an activated carbon trap is not possible. Therefore,
the sample is placed directly into the hemispheric detector bowl throughout the
measurement.

Alpha spectrum from electrostatic collected 220Rn daughters

Emanated 220Rn decays in the nitrogen-filled detector vessel following the decay
scheme shown in equation 3.7. Similar to the case of 222Rn, the daughter isotopes
typically carry a positive charge. This allows for their electrostatic collection on the
PIN diode, where their subsequent alpha decays can be detected. Figure 3.17 shows
the energy spectrum from sample 2 right after its implantation. The spectrum
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Figure 3.17: Left: Spectrum of the alpha decay energy of the electrostatically collected radon
daughters from the recoil-implanted sample 2. A typical selection region for 212Po events is indi-
cated by the hatched area. Right: Mean positions of the alpha lines extracted from the fit of the
spectrum as a function of their literature values. The red line shows a linear fit to the data points.

features three main alpha emission lines, which are from 212Bi, 216Po and 212Po
(from left to right). The high activity of the sample right after implantation, makes
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two additional rare alpha decay-modes of 212Bi observable. Especially curious is the
right most line with an extraordinary high energy of 10.8MeV, that is commonly
referred to as “long range alpha emission” (see e.g. [139–141]). It is emitted in a direct
alpha-transition from 212Bi to 208Pb, which occurs only in 0.01% of the cases [76].
The complete spectrum is fit with a sum of five individual functions, modeling

each alpha emission line separately. A regular Crystal-Ball (CB) function [124] (see
equationD.1 in the appendix) is chosen for the three lines of 212Bi (orange lines),
as well as for the one of 216Po (blue line). The short half-life of 212Po of 300 ns
leads to a coincident detection of its alpha decay with the preceding beta decay of
212Bi. This leads to a pronounced tailing of that line towards the higher energy
side (see figure 3.17). The peak shape is phenomenologically described by a CB
function featuring an exponential right-hand side tailing (see equationD.3 in the
appendix for the function definition). Besides a minor remaining missmodelling of
the 212Po peak, the complete spectrum is well described by this function (red). A
linear relation between the fitted line positions and their alpha energies reported in
the literature [76] is found as shown in the right panel of figure 3.17.
The 220Rn emanation rate of each sample is estimated based on the detected 212Po

activity. Thanks to the high energy of this line, events from the decay of 212Po can
be selected without significant background contribution from other isotopes using
the gray-hatched area indicated in figure 3.17 2. Furthermore, this isotope features
a higher detection efficiency compared to for example 216Po.

Time evolution of 212Po activity and determination of 220Rn emanation of
the samples

Because of the decay of 224Ra, the emanation rate of the sample is not constant over
the duration of the measurement making the analysis significantly more complex.
Adding up to this there is a non-trivial time evolution introduced by the decay
chain itself. While 220Rn and 216Po have very short half-lifes and rapidly approach
the equilibrium emanation rate, this is not true for 212Po and 212Bi which are delayed
by the almost 11 hour long half-life of 212Pb (see decay chain in equation 3.7). The
time evolution of the number of atoms Ni(t) of the isotope i which is part of a decay
chain is governed by a system of coupled differential equations

dN0(t)

dt
= −λ0N0(t)

dN1(t)

dt
= +λ0N0(t)− λ1N1(t)

...
dNn(t)

dt
= +λn−1Nn−1(t)− λnNn(t) , (3.9)

2The tiny contribution from long-range alphas of 212Bi can be neglected.
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3.2 Production of 220Rn emanating sources using recoil implantation

where λi denotes the decay constant of isotope i. As can be seen from equation 3.9,
the abundance of the first isotope in the chain is simply given by its decay. For
the other isotopes the evolution is determined by their decay, as well as by their
production from the parent isotope in the chain. The solution for this problem was
first found by Bateman in 1910 [142]. Following the approach outlined in [143] the
problem can be conveniently solved by re-writing it in a matrix formulation. The
numpy.linalg package from Python was then used to solve the problem numerically.
The number of each isotope in the chain can then be computed at any given time
for an arbitrary choice of initial conditions. The activity Ai(t) for isotope i can
calculated by multiplication of the number of atoms Ni(t) of this isotope with the
isotope’s decay constant λi.

Ai(t) = Ni(t) · λi (3.10)

Figure 3.18 illustrates how the solution of this problem looks like for an initial
activity of 1Bq in 224Ra, with no subsequent decay products present at time zero.
Since the half-lifes involved in the chain span many orders of magnitude the evolution

Figure 3.18: Time evolution of the ac-
tivities of the different isotopes from
the decay of a sample with initially
only 224Ra. Note that the evolution is
shown using a double logarithmic scale.
See also the decay chain given in equa-
tion 3.7.
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is shown using a double-logarithmic scale. It can be seen that activities of the later
isotopes in the decay chain are first increasing and approaching an equilibrium with
the activity of 224Ra. They then follow the overall decreasing rate of 224Ra due to
its decay with a half-life of about 3.7 days. Note that the lines from 212Po and 212Bi
are indistinguishable from each other, since both isotopes are practically always in
equilibrium because of the short half-life of 212Po.
Figure 3.19 shows the time evolution of the rate of 212Po events for the measure-

ment of sample 2 during the first week following its implantation. As expected the
detected activity first increases and then follows the decay of 224Ra inside the sam-
ple. The red line indicates a fit of the data points with the solution of equation 3.9
describing the expected time evolution of the 212Po activity. Besides a systematic
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3. Production and characterization of stainless steel radon sources

Figure 3.19: Time evolution of the
212Po activity of the recoil implanted
sample 2. As expected the activity first
rises and then decays. The solid line
indicates a fit of the data with the so-
lution of the coupled differential equa-
tions.
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mismatch at the beginning of the measurement the residuals shown in the lower panel
of figure 3.19 indicate good agreement between the data points and the fit function.
This fit is then used to extract the initial amount of detected radon emanation from
each sample.
Note that the extracted rate needs to be corrected for the collection and detection

efficiency of the radon monitor. As done in [138], the combined collection and detec-
tion efficiency for 212Po can be assumed to be similar to the one of 214Po from the
decay of 222Rn, which has been measured using a reference source to be (35± 2) %
(see section 3.1.3). Accounting for the branching ratio for 212Po of 64%, a detection
efficiency for 220Rn of (22.4± 1.3) % can be assumed for this method.
The extracted 220Rn emanation rates for all four samples right after implantation

are summarized in table 3.4. It can be seen that the implantation procedure yielded

Table 3.4: Collection of results acquired for samples produced by recoil implantation
of 224Ra .

Sample A220Rn(t0) Duration Calculated yield

Sample 1 (41.59± 0.03stat ± 2syst) Bq 7 days 73.4%
Sample 2 (71.73± 0.03stat ± 4syst) Bq 13 days 91.5%
Sample 3 (42.20± 0.03stat ± 2syst) Bq 7 days 73.4%
Sample 4 (44.31± 0.03stat ± 3syst) Bq 7 days 73.4%

reproducible results of the initial radon emanation rate. The exception being the
sample implanted for a duration of two weeks which shows a significantly larger
initial emanation that cannot be explained by the slightly increased implantation
yield alone. Reasons for this discrepancy are currently unknown and need to be
investigated by repeating a such a prolonged implantation.
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3.2 Production of 220Rn emanating sources using recoil implantation

Measurement using the alpha spectrometer

For sample 3 an additional measurement using a similar alpha spectrometer to the
one described in section 3.1.2 has been carried out. The alpha spectrum acquired
over a duration of two hours one week after the implantation of the sample is shown
in figure 3.20. It features four clearly visible lines matching the emission energies of

Figure 3.20: Alpha spectrum of
the 224Ra recoil implanted sample
3 acquired one week after implan-
tation. The four alpha emission
lines of 224Ra, 220Rn, 216Po and
212Po are clearly visible and fit by
the sum of four individual Crystal-
Ball functions (red line).
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224Ra, 220Rn, 216Po and 212Po. The line of 212Po is significantly lower than the other
lines and the one of 212Bi is hidden by the low-energy tail of 220Rn. This is caused
by the short duration of the measurement, during which the activity of 212Pb from
emanated 220Rn in the detector is still very low (see figure 3.18).
The distance between the sample surface and the PIN diode of the spectrometer

was (10.7± 0.3) cm, translating to a geometric detection efficiency of
(
2.23 +0.11

−0.15

)
× 10−3

(see section 3.1.2). After correcting for the detection efficiency, the activity found
in the emission line of 224Ra amounts to

(
28.59± 1.6(stat)+1.4

−1.9(syst)
)
Bq. Where

the statistical uncertainty comes from the uncertainty of the fit function (red line)
and the systematic uncertainty is due to the uncertainty of the detection efficiency.
Correcting this activity for the decay over the period of one week until the alpha
spectrum has been acquired gives an initial implanted activity of:

A224Ra(t0) =
(
106± 6(stat)+5

−7(syst)
)

Bq

The 228Th source used for the implantation ejects 224Ra at a rate of (282.1 ±
0.1) atoms/s/kBq [138]. Given the geometric implantation efficiency of the setup of
(7.8 +0.9

−0.8)%, an equilibrium implantation rate of (110 +13
−12)Bq is expected. This is in

good agreement with the result obtained from the alpha measurement. Furthermore,
this measurement allows to estimate the fraction of emanated 220Rn from the sample.
Comparing the implanted 224Ra with the initial 220Rn emanation rate as reported
in table 3.4, gives an emanation fraction of

(
40± 2(stat)+5

−4(syst)
)
%.
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3. Production and characterization of stainless steel radon sources

3.3 Model for the radon emanation fraction

Sections 3.1 & 3.2 describe two different types of radon sources produced by implan-
tation of radium into stainless steel. The first type of radon source was produced
by implantation of 226Ra at the ISOLDE facility. Where each of the two samples re-
ceived an activity of approximately 8Bq in 226Ra. It is found that from this activity
a fraction of around 25% is released by the samples in form of emanated 222Rn. The
second type of sample has been implanted with approximately 100Bq of 224Ra uti-
lizing the recoil from the decay of 228Th. The 220Rn emanation rate of these samples
was measured to be around 40Bq, allowing to conclude an emanation fraction of
approximately 40%. In this section, a simple estimation of the emanation fraction of
radium implanted samples will be given and compared with the observed emanation
fractions of the samples described earlier.

Linear model for recoil emanation
x

z
y Ω

β

φ

Radium

zi

d

α

Radon

Figure 3.21: The traversed range d of a
radon daughter nucleus formed at a depth zi
is given by its emission angle β with respect
to the surface normal. Where Ω describes
the enclosed solid angle for all smaller val-
ues of β.

Radon nuclei formed by the alpha decay of
radium, receive a fixed amount of momen-
tum due to the recoil. This enables them
to traverse a certain range inside the ma-
terial before they are stopped. Figure 3.21
illustrates this scenario for the case that
the recoiling nuclei travel along straight
lines and do not change their direction due
to scattering. To escape from the sample
the distance to the closest surface d needs
to be shorter or equal to the recoil range
R of the radon nucleus. For a fixed depth
zi at which a radon particle is formed, this
distance is given by

d =
zi

cos(β)
. (3.11)

Where β describes the angle with respect to the surface normal under which the
particle is emitted (see figure 3.21). This allows to define the critical angle βcrit

cos(βcrit) =
zi
R

⇐⇒ βcrit = arccos
(zi
R

)
, for zi ≤ R . (3.12)

For all emission angles within the interval [−βcrit, ...,+βcrit], the radon particle is
able to escape the sample.
Since the problem is spherically symmetric the rotation around the azimuth angle

ϕ does not change the distance to the surface. Therefore the emission region for suc-
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3.3 Model for the radon emanation fraction

cessful emanation becomes a cone with an opening angle of βcrit. This is illustrated
by the blue shaded region Ω in figure 3.21. The amount of solid angle enclosed by
this cone is given by integrating in spherical coordinates.

Ω =

∫ 2π

0

∫ βcrit

0

(
sin (β)

)
dβ dϕ = 2π · (1− cos (βcrit)) . (3.13)

Using this formulation, allows to give a first approximation of the emanation
fraction F by comparing the size of Ω to the full solid angle of 4π.

F =
Ω

4π
=

1

2
·
(
1− cos (βcrit)

)
. (3.14)

Inserting the value for βcrit from equation 3.12 yields the emanation fraction as a
function of the ratio between implantation depth and recoil range

F =
1

2
·
(

1− cos
(

arccos
(zi
R

)))
=

1

2
·
(

1− zi
R

)
, for zi ≤ R . (3.15)

It can be seen that under these very simplified assumptions the emanation frac-
tion is anti-proportional to the ratio between implantation depth and recoil range.
If the activity would be located exactly on the surface (zi = 0) the resulting ema-
nation fraction would be 1/2. This is expected as the recoil of one half of the radon
particles would be directed into the sample. As the implantation depth approaches
the possible recoil range (zi = R), the emanation fraction becomes zero, since the
produced radon daughters cannot escape from the sample anymore. If the implan-
tation depths gets larger than the recoil range (zi > R), the expression becomes
nonphysical, since the emanation fraction would be negative. The dependence of
emanation fraction on the ratio zi/R is shown in figure 3.22. For the two samples
implanted with 30 keV 226Ra ions at the ISOLDE facility, mean implantation depth
of 8 nm is expected (see figure 3.2). The mean range of the recoiling 222Rn in stain-
less steel (8.0 g/cm3) is expected to be 15 nm as has been estimated using the SRIM
code. With this, equation 3.15 predicts an emanation fraction of 23.3% for these
samples, which is very close to their measured emanation fraction.

Note that in this linear model the simplifying assumption is made that all im-
planted ions are located at one specific depth zi and have one fixed range R within
the material. In reality the implantation depth as well as the recoil range follow cer-
tain probability density functions (PDFs). A more realistic description is obtained
by the two additional models which are introduced in appendixC. In the first one
the implantation and recoil distribution are assumed to follow a Gaussian distri-
bution, while the second one uses the profiles predicted by the SRIM Monte-Carlo
simulation.
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3. Production and characterization of stainless steel radon sources

Comparison between prediction and data

The predictions of all three models are included in the comparison shown in fig-
ure 3.22, as a function of the ratio between mean implantation depth and recoil
range. For fractions between depth and range smaller than roughly 0.8, all three
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Figure 3.22: Expected dependence of the radon emanation fraction from the different models
discussed in this section and in appendixC. The observed values for the emanation fraction of the
two 226Ra and one of the 224Ra implanted samples are indicated by square markers.

models predict rather similar emanation fractions. Only for ratios larger than that,
the linear approximation (blue) predicts significantly lower values and becomes non-
physical for ratios larger than one. The results from the Gaussian (red) and the
Monte-Carlo method (purple •) are in very good agreement and predict a more
physical asymptotic dependence of the emanation fraction in this case.
Indicated by the green marker is the observed emanation fraction from 224Ra im-

planted sample 3. The increased uncertainty on the implantation depths stems from
the less precisely known implantation profile as shown in figure 3.15. Its emanation
fraction is significantly higher than the prediction of any of the proposed models.
Either the detection efficiency of the electrostatic radon monitor for 220Rn has been
largely underestimated, and/or the real implantation is much more shallow than
expected from the simulation.
The emanation 222Rn emanation fractions from the two samples implanted with

226Ra are indicated by the orange and blue markers. Their position on the x-axis
is determined from simulated implantation and recoil distributions shown inC.1 in
appendixC. The uncertainty on the y-axis is includes the systematic uncertainty
of the implanted activity as reported in table 3.3. Both samples show an excellent
agreement with the prediction of the models for recoil driven emanation. Therefore,
the conclusion can be drawn that radon is released predominantly by recoil with the
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contribution from diffusion playing a subdominant role.

3.4 Discussion and outlook

In this chapter two kinds of radon sources have been described which were produced
by implantation of radium into stainless steel. The recoil implanted samples offer a
very limited applicability due to the short half-life of 224Ra as well as of the emanated
220Rn. On the other hand these samples can be obtained quickly and uncomplicated
using an in-house setup. This makes them well suited to study the reproducibility of
surface coatings targeted at the reduction of radon emanation as will be presented
in the next chapter.
The second type of source was produced by implantation of 226Ra at the ISOLDE

facility. The presented results prove that clean and dry stainless steel radon sources
can reliably be produced by this novel technique. These samples offer an attractive
alternative to liquid radon sources and are ideal samples for the aforementioned
coating studies. Building upon the gained experience further implantations can be
carried out to meet the future demand of such samples. A major problem experi-
enced in this study was the occurrence of short-lived co-implanted isotopes. Upcom-
ing productions can use the high resolution separator (HRS) magnet of the ISOLDE
facility which should mitigate such contamination [120]. Additionally, the resonance
ionization laser ion source (RILIS) might be used to achieve a higher selectivity on
the chemical element which gets ionized and implanted. Recent studies showed that
this source even features an increased ionization efficiency for radium as compared
to the surface ionization source used in this work [144]. Therefore, this could also
help to reduce the duration of the implantation.
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4 Reduction of radon emanation using
surface coatings
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Figure 4.1: Stag-
gered approach
for mitigation of
radon-induced
background.

An experiment’s potential to discover rare-events such as dark-
matter interactions or the neutrinoless double beta decay
(0νββ), crucially depends on its sufficiently low background
rate. As introduced in section 1.2, the 222Rn-induced back-
ground, will be of great importance for the future DARWIN
experiment [39]. But also for other liquid xenon-based exper-
iments, such as for example nEXO [145], this background is
of great importance and impacts the final sensitivity of these
experiments.

Its reduction will require a well planned radon mitigation
strategy. Expressed in a bold and simple way, it should fol-
low the same logic as needs to be followed to prevent global
warming: Reduction of greenhouse gas emissions, removal of
CO2 from the atmosphere, taking countermeasures against e.g.
flooding and extreme weather conditions [146]. For radon, this
staggered strategy translates to the one sketched in figure 4.1.
As a first step, radon should be avoided in the experiment by
preventive measures, such as a careful pre-selection of the con-
struction materials. This is typically done by dedicated radon
screening campaigns, such as reported in [70, 79, 112, 113]. Fur-
thermore, strict cleanliness protocols need to be followed during the assembly of the
experiment to avoid contamination of material surfaces with radium containing dust
particles [70, 112]. Part of the remaining radon emanation can then be continuously
removed from the liquid xenon (LXe) using adsorption [147] and/or cryogenic dis-
tillation [77–79]. As a last resort, remaining radon-induced electronic recoil (ER)
events need to be rejected from the data at the analysis level. Though this greatly
reduces the radon background (see section 1.2), the separation is not perfect and will
also remove a fraction of valid events, which reduces the exposure of the experiment.
Subject of this chapter is a novel technique that can be used to reduce the radon
emanation from materials using surface coatings. As a preventive measure against
radon, it can be applied at the earliest stage of the mitigation strategy and therefore
has a great potential for reducing the experiments radon budget.
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4. Reduction of radon emanation using surface coatings

4.1 Fundamental considerations

222Rn
226RaMaterial

surface

Bulk material

recoil
range

Coating

Figure 4.2: Sketch illustrating the idea to miti-
gate radon emanation using a surface coating

Just like car paint protects the un-
derlying metal from oxidation, the
amount of radon released by a ma-
terial should be reduced by a thin
coating layer sealing its surface. This
is sketched in figure 4.2, for the two
processes responsible for radon release
(recoil and diffusion). To successfully
block the radon emanation, the coat-
ing must be at least thick enough to
fully contain the radon recoil range of
the order of a few tens of nanome-
ters. The second requirement the
layer needs to fulfill is a sufficient
tightness against radon diffusion. Both aspects are further examined in the fol-
lowing sections 4.1.1 and 4.1.2. It is also imperative, that the layer itself must
feature a high degree of radio purity, especially with regard to 226Ra, such that it
does not contribute to the radon emanation by itself. Furthermore, the layer must
be mechanically stable and well adhesive throughout the lifetime of the experiment.

Different coating techniques have been investigated, including vacuum-based pro-
cesses such as physical vapor deposition (PVD) and chemical vapor deposition
(CVD), as well as coatings using an epoxy resin and electrochemical plating (ECP).
They will be further detailed in section 4.2. Because of their good availability, past
works [71, 126, 148, 149] relied on thoriated tungsten (WTh) electrodes, containing
4% of thorium oxide. Most emanation of these samples is from 220Rn, which is a
member of the 232Th decay chain (see equation 3.7) with only a small contribution
from 222Rn due to impurities in the material. As introduced in section 1.2.2 the
main background concern in LXe time projection chambers (TPCs) is from 222Rn,
which differs mainly with regard to its longer half-life of 3.8 days with respect to
only 55 seconds for 220Rn. Therefore, especially for diffusion dominated processes
the emanation of 220Rn will be strongly suppressed. Moreover, tungsten is not a
typical material choice for construction of for example cryostat vessels for LXe ex-
periments. More likely choices are stainless steel (e.g. [6, 150]) or titanium [112]. The
material and isotope limitation of the past studies have been successfully overcome
in this work by application of the radium implanted stainless steel samples that are
introduced in chapter 3. New results for the so-far most promising electrochemical
plating (ECP) method are presented in section 4.3. The chapter will be concluded
by an outlook towards the future challenges of this technology that remain to be
addressed.
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4.1 Fundamental considerations

4.1.1 Mitigation of recoil driven emanation

When the radon is created, it receives a recoil energy of the order of 100 keV in the
alpha decay of radium. To illustrate the reduction of the recoil-driven emanation,
a copper layer with a density of 8.92 g/cm3 is assumed. The penetration depth
distribution of into this layer is simulated using “stopping and range of ions in
matter” (SRIM) [121]. Its shape is found to be approximately Gaussian, with a
mean and standard deviation of µr = 15.6 nm, σr = 5.4 nm and µr = 14.0 nm, σr =
4.4 nm for 220Rn and 222Rn respectively. The fraction of recoils that are contained
by the coating layer, can then be computed using the estimation of the recoil-driven
emanation fraction described in section 3.3 and appendixC.
Figure 4.3 shows the expected reduction factors for the recoil emanation of 220Rn

and 222Rn as a function of the thickness of an applied copper coating. The 13%

Figure 4.3: Expected reduction of the
recoil-driven emanation as function of
the thickness of an applied copper layer
(8.92 g/cm3 density). The difference
between 220Rn and 222Rn is due to dif-
ferent recoil energies.
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higher recoil energy of 220Rn leads to a larger average range in the copper and con-
sequently to a smaller reduction by the coating layer. The coating layers investigated
in the following, have thicknesses between roughly 500 nm and 5µm. Therefore, it
the recoil-driven emanation should be fully suppressed.
Using an electrostatic radon monitor allows for a direct verification of this recoil

tightness for samples containing 228Th, such as the aforementioned WTh electrodes.
As introduced in section 3.1.3, this detector collects positively charged daughter
nuclei emerging from an alpha decay on a Si-PIN diode with an electric field. By
the alpha decay of 228Th

5.5 MeV
=====⇒ 224Ra, the daughter nuclei can be ejected from an

uncoated surface. This leaves 224Ra in a charged state, which allows for its collection
and detection of its subsequent alpha decays on the PIN diode. Therefore, a clear
contribution from 224Ra can be seen in the relevant section of the energy spectrum
from uncoated WTh electrodes as can be seen in the black histogram shown in
figure 4.4. The figure also shows the corresponding region of the spectrum (red),
after this electrode has been coated with a 1µm thick layer using the CVD method
described in section 4.2. While the contribution of the 220Rn daughter isotope 212Bi
is only slightly suppressed, the peak of 224Ra is not visible anymore. This observation
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4. Reduction of radon emanation using surface coatings

Figure 4.4: Comparison of energy
spectra of alpha decays using the elec-
trostatic radon monitor for an un-
coated (black) and coated (red) thori-
ated tungsten electrode. After coating,
the contribution from 224Ra (dashed
gray lines) is strongly suppressed. To
quantify the reduction, the background
contribution from 212Bi (fit functions)
needs to be taken into account.
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allows to conclude, that the layer is sufficiently tight against recoil emanation. The
noble gas radon on the other hand, is still released via diffusion.
To quantify the suppression of 224Ra, the background contribution from the low-

energy tail of 212Bi needs to be taken into account. For both measurements this
contribution is estimated by fitting the 212Bi peak with a Crystal-Ball (CB) function
(see equationD.1 in appendixD) as indicated by the solid lines. The region of the
radium peaks is excluded from the fit. To reduce the fit uncertainty, the shape
of the tail is constrained by the 218Po emission line (not shown) from a reference
measurement. The background and data are then integrated and subtracted from
each other within the gray lines. This allows to derive a lower limit for the 224Ra
reduction of ≥ 4.75 (90% C.L.).

4.1.2 Model for the diffusion of radon through a coating layer
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Figure 4.5: Sketch of the
simplified model to describe
radon diffusion through the
coating layer

Radon can also escape from the coating layer by dif-
fusion. This process, is driven by the random motion
of the particles and described by the diffusion equa-
tion (Fick’s second law) [151]. For the case of radon,
the partial differential equation (PDE) needs to be ex-
tended to also account for the decay of radon and be-
comes

∂

∂t
η(x, t) = D

∂2

∂x2
η(x, t)︸ ︷︷ ︸

2nd Fick’s law

−
Decay︷ ︸︸ ︷

λ · η(x, t) , (4.1)

where η is the searched for radon density at time t and
location x, and D and λ are the constants for diffusion
and decay of radon. The problem will be solved for the
simplified one dimensional case as sketched in figure 4.5. The sample surface (x = 0)
is covered by a coating layer with a thickness of h.
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4.1 Fundamental considerations

As a further simplification, the time-independent solution (∂t η = 0) will be com-
puted first. The vanishing time derivative translates the PDE into the following
ordinary differential equation (ODE):

D
∂2

∂x2
η(x)− λ · η(x) = 0 . (4.2)

This has the general solution

η(x) = A1 · e−x
√
λ/D + A2 · e+x

√
λ/D . (4.3)

The constants A1,2 need to be determined from the two boundary conditions at both
sides of the coating layer.
On the left side (x = 0), the coating is exposed to a constant flux (jin) of radon

atoms which are leaving the sample and are implanted into the coating 1. Using
Fick’s first law this can be expressed as

−D · ∂
∂x

η(x)

∣∣∣∣
x=0

= jin . (4.4)

Note that this condition is different from the one chosen for example in [152–154]
to describe the radon diffusion through a membrane which separates a source vessel
(high radon concentration) from a receiver vessel (low radon concentration). They
assume a constant radon concentration on the entrance of the barrier instead of the
constant flux condition of equation 4.4.
The volume surrounding the coating (x > h) is typically much larger than the

volume of the coating itself. Therefore, radon which leaves the coating is strongly
diluted and the radon concentration outside of the coating can be assumed to stay
at a negligible level. This is represented by the second boundary condition

η(h) = η0 = 0 . (4.5)

Both boundary conditions can be used to determine the two unknown factors A1,2

in equation 4.3 and the profile of the radon concentration inside the coating layer is
found to be

η(x) =
jin√
λ ·D

· e−x
√
λ/D ·

(
e2h
√
λ/D − e2x

√
λ/D

1 + e2h
√
λ/D

)
. (4.6)

An important quantity for the later measurements is the radon flux leaving the
coating layer. It can be calculated by evaluating the derivative of the radon con-
centration at the exiting face x = h and multiplication with the negative diffusion

1The range of the recoil inside the coating is usually much smaller than the coating thickness and
therefore neglected.
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constant.

jout = −D · ∂
∂x

η(x)

∣∣∣∣
x=h

= 2jin ·
eh
√
λ/D

e2h
√
λ/D + 1

(4.7)

Finally, the radon reduction factor R of the coating layer is given by the ratio
between the incoming radon flux jin and the exhaled flux jout. It can be simplified
to

R = cosh

(
h ·
√
λ

D

)
. (4.8)

Figure 4.6 shows how the 222Rn reduction factor depends on the coating thickness
for different values of the diffusion constant. If the layer is too thin, or the diffusion

Figure 4.6: Ratio between the out-
going (jout) and incoming (jin) 222Rn
flux as a function of the layer thickness
h and diffusion constant D. Shown is
the steady state result as computed in
equation 4.7.
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constant is too large, the mean retention time of the radon inside the coating is
much shorter than its lifetime. Due to conservation of the particle number, the
exhaled radon flux is then equal to incoming flux and the reduction factor is close
to one. When the diffusion constant becomes smaller, the reduction factor increases
exponentially as a function of the layer thickness, because of the radon decay inside
the layer.
The obtained solution is only valid after the steady-state has been reached. A solu-

tion for the time-dependent equation 4.1 has been found numerically using
Mathematica [155]. For this, coating layer is assumed to be initially free of radon
(η(x, t = 0) = 0). Figure 4.7 illustrates how the exhaled radon flux approaches its
steady-state value for a layer thickness of 5µm and four different values of the dif-
fusion constant. The steady state radon flux jeq is calculated using equation 4.7. It
can be seen, that depending on the value of the diffusion constant, it can take several
months until a sufficient equilibrium is achieved. The small miss-match between the
numerical and analytical solution at late times is likely related to the interpolation
used by the finite element method (FEM).
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4.2 Explored coating methods and previous results

Figure 4.7: Numerical approximation
of the time dependent radon flux j(t)
leaving the sample for four different
choices of the diffusion constant. For
better comparison the values are nor-
malized to the respective result from
the steady state solution jeq obtained
using equation 4.7. For the coating
thickness a typical value of 5µm is as-
sumed.
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The model and findings of this section will be used later for the interpretation of
the measurement of radon mitigation of the coating layers.

4.2 Explored coating methods and previous results

The different PVD and CVD techniques are briefly sketched in the following section,
along with the epoxy coating and the procedure for ECP. With the emphasis being
put on the latter, since it yielded so far the most promising results.

Magnetron sputtering
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Figure 4.8: Model after Thornton describing the
surface morphology of sputtered thin films. The
region in which the studied depositions were car-
ried out (Zone 1 & Zone T) is highlighted in blue.
Figure adapted from [156].

Three batches of 1mm thick WTh
electrodes have been coated in coop-
eration with the German company EC
Europ Coating GmbH [157]. The ob-
tained titanium layers had a thickness
between 400 nm to 800 nm. During
the process, the titanium is ablated
(sputtered) by bombardment of a ti-
tanium target with argon ions. Re-
leased particles are then transported
ballistically to the sample surface, on
which they deposit and form the coat-
ing layer [158].
Figure 4.8 shows the model pro-

posed by Thornton [156, 159], which
allows to predict the coating morphol-
ogy resulting from different choices of
the process parameters. It is mainly influenced by the substrate temperature T ,
which is usually normalized by the melting temperature of the coating material Tm.
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4. Reduction of radon emanation using surface coatings

The depositions reported in [71, 148] have been carried out at room temperature
(T/Tm ≈ 0.15) in an argon atmosphere of 10−2 mbar. Therefore, the coating mor-
phology should be similar to Zone 1 or Zone T (blue), which is dominated by a
vertically aligned, columnar structure. This technique showed a maximum 220Rn
radon reduction factor of 4.5, which is rather low. It is likely owed to the verti-
cal alignment of the grain boundaries, along which diffusion is typically strongly
enhanced (e.g. [160]).

Vacuum plasma spraying
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Figure 4.9: Sketch of the vacuum plasma spray-
ing process.

For this process, the coating material
is molten and evaporated in a high-
velocity argon plasma, into which it
is introduced as a fine powder. The
plasma accelerates the material to-
wards the sample surface, on which
it condensates to form a solid coating
layer, as is sketched in figure 4.9 [161].
Several WTh electrodes with di-

ameters of 1mm and 4.8mm have
been coated with copper by Dr.
Laure Plasmatechnologie GmbH [162]
in Germany. A maximum 220Rn reduction factor of 22±2 has been achieved with
this technique for a layer thickness of about 3µm[71]. However, the reproducibility
of these coatings proved to be challenging. This was mostly related to repeated
damages of the coating layers by the sample holder.

Chemical vapor deposition

Figure 4.10: The two diamond-like
carbon (DLC) coated WTh electrodes.
Picture adapted from [149].

Similar to two previous methods, also CVD
is carried out in a low pressure environment.
However, the deposition is not done using
physical processes, but the layer is formed via
chemical reactions. Hydrogenated amorphous
carbon (a-C:H) layers have been investigated
for their radon mitigation in cooperation with
the Belgian company Innovative Coating So-
lutions SA [163]. These layers belong to the
group of diamond like carbon (DLC) coat-
ings [164].
Two 4.8mm thick WTh electrodes have

been coated with 1µm thick (a-C:H) layers on
top of a thin adhesion layer. Both electrodes
are shown in figure 4.10, before their open tips have been covered by the epoxy resin
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4.2 Explored coating methods and previous results

discussed below. The coating showed a very good adhesion of the layer even after re-
peated thermal shock treatments using liquid nitrogen. Unfortunately, the achieved
radon mitigation using this coating technique proved to be insufficient. A reduction
of a factor of 3 has been observed for 220Rn and for 222Rn the reduction factor was
barely significant (1.4±0.3) [149].

Epoxy-based coatings

Previous studies carried out by the SuperNEMO collaboration, indicate a good
radon tightness of the vacuum glue Stycast (1264) [165]. Especially for cryogenic
applications, Loctite® Stycast 2850FT is recommended in combination with the
catalyst CAT 24 LV [166].
The radon mitigation of this resin has been tested using a 4.8mm thick WTh elec-

trode, to which it was applied via dip-coating in a test tube. Before the application,
the resin and catalyst were thoroughly mixed and de-gassed, following the procedure
recommended in the data sheet [166]. After the coating, the 220Rn emanation of the
sample was suppressed below the detection threshold. A radon reduction factor of
at least 70 has been estimated for this coating [149].

Electrochemical plating

SO₄²⁻
Cu²⁺

Heater & Stirrer

-+

U₀

I(t)

Work
piece

Counter
electrode

Sample
holder

Figure 4.11: Left: Sketch of the used electroplating setup. Figure adapted from [71]. Right:
Photograph showing the coating process for a stainless steel sample inside the HDPE holder. The
copper counter electrode can be seen on the left side of the electrolyte-filled beaker.

Using electrochemical processes such as electroforming, copper can be produced
with very low levels of radioactive impurities (see e.g. [167, 168]). Therefore, electro-
chemical plating (ECP) of copper has been tested for its radon mitigating properties
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4. Reduction of radon emanation using surface coatings

using a small setup in the Max-Planck-Institut für Kernphysik (MPIK) laboratory.
The setup is sketched and shown in figure 4.11 and consists of a 250ml beaker, filled
with an electrolyte solution, into which the sample (right) is submersed together
with a counter electrode (left). The electrolyte solution contains 50mmol/liter cop-
per sulfate (CuSO4) and 1mol/liter sulfuric acid (H2SO4) in de-ionized water. It is
heated to about 45◦C and agitated using a magnetic stirrer to increase the reactiv-
ity. The copper sulfate forms Cu2+ ions in the solution, which can be reduced to
solid copper on the sample surface, when it is connected to the negative terminal of
a power supply. Cu2+ ions are constantly replenished by the oxidation of metallic
copper from the counter electrode, which is connected to the positive terminal of
the power supply.
A Delta Elektronika (SM1540-D) power supply is used together with a Delta Elek-

tronika 232 EXT controller, which allows to read-out and control the power supply
by a computer using a custom made software. The evolution of relevant coating
parameters like the electric current, as well as the applied voltage, are displayed on
the software’s graphical user interface (GUI). Furthermore, it shows a real-time es-
timate of the already deposited mass m(t), together with the current layer thickness
d(t). The mass can be obtained from the time integration of the electric current
I(t) according to [169]:

m(t) =
MCu

2 · e ·NA

·
∫ t

0

I(t′)dt′ and d(t) =
m(t)

%Cu · A
(4.9)

where MCu is the molar mass of copper, NA is Avogadro’s constant and e is the
electron charge. For the estimation of the layer thickness, the deposited mass is
divided by the coated surface A and the density of copper. The latter is assumed
to be identical to the value of solid copper %Cu = 8.92 g/cm3. The real-time output
allows to adjust the coating parameters or terminate the coating as soon as a desired
thickness is reached.
The growth rate (∂t d(t)) of the coating, has a major influence on the morphology

of the deposited layer [169, 170]. From equation 4.9 it can be seen, that it is propor-
tional to the surface current density j(t), which is defined as the electric current I(t)
divided by the sample surface A. The influence of the surface current density on the
220Rn reduction has been systematically studied in [149] and is shown in figure 4.12.
The data shows that the highest reduction is obtained for layers deposited close to
j = 10 mA/cm2. These coatings are found to be bright and shiny in appearance.
Note that two of the measurements reported in [149] are not shown in the figure,
because their layers turned out to have significant irregularities (whisker growth or
darkening). Furthermore, systematic error bars (gray) have been added to account
for the variation of the initial 220Rn emanation rate of the used WTh electrodes.
These layers showed, however, very poor adhesion and were easily removed by

a piece of strong adhesive tape (tape-test). On stainless steel, good adhesion was
obtained for depositions at a much higher current density of j = 50 mA/cm2. This
deposits appeared dark and powdery. A combination of both layers, allowed to
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4.2 Explored coating methods and previous results

Figure 4.12: Selection of the ob-
served 220Rn reduction factors as func-
tion of the applied surface current den-
sity. Data correspond to a average coat-
ing thickness of 5µm applied onto tho-
riated tungsten electrodes. Measure-
ment is originally reported in [149].
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obtain adhesive coatings at the desired current density. First, a 1µm thick adhe-
sion layer at j = 50 mA/cm2 is applied, followed by an additional 4µm thick layer
which is deposited at the target current density of j = 10 mA/cm2. After thor-
ough pre-tests described in section 4.3.1, this method has been applied to one of
the two stainless steel samples that have been implanted with 226Ra at the ISOLDE
facility (see section 3.1). The time evolution of this specific coating is illustrated in
figure 4.13 and its performance will be discussed in section 4.3.2. It should be men-

Figure 4.13: Evolution of volt-
age and current density during
the plating of the 226Ra implanted
stainless steel sample. A 1µm
thick adhesion layer is deposited
at a high current density, followed
by an additional 4µm deposition
at a surface current density of
10 mA/cm2.
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tioned however, that a small amount of gas formation (hydrogen) has been observed
during the deposition of the adhesion layer. This can influence the estimation of
mass and layer thickness using equation 4.9 due to the additional electric charge
that is consumed in the hydrogen formation. However, from measurements of the
sample’s mass increase due to the coating, this effect is found to be small.
The ECP setup can also be used for a gentle removal of an already applied coating

layer, by reversing the polarity of the power supply. In that configuration, copper
metal is slowly etched from the surface of the coated sample. Figure 4.14 shows
the evolution of the applied voltage and surface current density for this procedure.
The applied voltage is increased in two steps to a value of 75mV, at which the bulk
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4. Reduction of radon emanation using surface coatings

Figure 4.14: Evolution of the
applied voltage and current den-
sity during the removal of an al-
ready applied copper coating from
a stainless steel sample.
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of the copper is removed. After roughly 10minutes, the current density starts to
decrease and shows a very pronounced drop. This indicates that the removal process
approaches its end. As soon as the value has fallen below 1 mA/cm2, the process
is terminated and the sample is removed from the bath. A thin film of copper
typically remains on the sample surface, which is removable using a water-soaked
lab tissue. This method was applied for the measurements made with the recoil
implanted 224Ra samples described in section 4.3.1.

Comparison of reduction factors obtained in previous studies

As an intermediate result, table 4.1 summarizes the highest achieved reduction fac-
tors obtained using WTh electrodes in past works [71, 126, 148, 149]. Where avail-
able, also the reduction of 222Rn emanated from trace impurities of these electrodes
and for 224Ra are reported. The data shows a wide range of results obtained by

Table 4.1: Comparison between the highest achieved reduction factors using the different
coating methods in past works [71, 126, 148, 149]. The table only contains results obtained
from coatings of thoriated tungsten electrodes, and excludes the results from this work.

Method Material
Thickness Reduction

[µm] 220Rn 222Rn 224Ra

Sputtering Titanium 0.4 - 0.8 4.5 2.1+0.7
−0.4 & 25

Plasma spraying Copper 3 22 - & 10
Epoxy resin Stycast ≈ 200 ≥ 74 - & 100
Chem. vapor deposition DLC 1 3 1.4+0.4

−0.3 ≥ 4.75
Electrochem. plating a Copper 5 130 7.4+2.5

−1.5 & 100
a Results from this work (section 4.3) are not included.

the different methods. Rather low reductions factors were achieved for the two vac-
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4.3 From tungsten to stainless steel

uum deposition processes, while the plasma spraying yielded a slightly better result.
Good reduction factors were found for the epoxy coating, as well as for the ECP
method.
Independent of the 220Rn reduction, the contribution from 224Ra is found to be

completely suppressed for the coated samples. As explained in section 4.1.1, this
indicates that the recoil-tightness of the layers is sufficient. This leaves the diffusion
of radon through the coating as the predominant release mechanism. However,
using the diffusion model introduced in section 4.1.2, it is impossible to reconcile
the observed differences between the reduction factors for 222Rn and 220Rn. Given
that the half-life of 220Rn is almost four orders of magnitude shorter compared to
the one of 222Rn, a complete suppression of the 220Rn would be expected. Note
however that the proposed diffusion model is quite simple and assumes a perfectly
homogeneous coating layer. A more advanced model, which includes the diffusion
along grain boundaries or the possibility of voids in the coating, might be necessary
to correctly explain these observations.
It is important to point out, that table 4.1 shows the highest reduction factors

which have been achieved by each method. Additional samples that have been
coated by sputtering and plasma spraying, showed 220Rn reduction factors of only
1.2 and 2.3 respectively [71]. Similarly, the reproduction of the ECP method proved
to be challenging [126], before the influence of the current density has been measured
systematically (see figure 4.12) [149].

4.3 From tungsten to stainless steel

Until now, all results were achieved using thoriated tungsten electrodes and precise
reduction factors are predominantly obtained for 220Rn. The important transition
from tungsten to more realistic stainless steel samples, is presented in this section.
First, the good results obtained with the electrochemically plated copper layers have
been validated using the 224Ra recoil implanted samples that have been introduced in
section 3.2. Afterwards, the technique was applied to one of the two 226Ra implanted
stainless steel samples. This finally allowed to obtain a precise reduction factor for
222Rn on a stainless steel surface.

4.3.1 Coatings applied to recoil implanted samples

As a first step, the efficiency and reproducibility of the ECP procedure on stainless
steel was verified using the recoil implanted stainless steel samples described in
section 3.2. Since these samples can be implanted with 224Ra using the small in-
house setup introduced in section 3.2.1, they are easy to obtain and well suited for
those pre-tests. However, the short life-time of 224Ra (T1/2 = 3.7 days), limits the
time during which each sample can be used and makes the analysis slightly more
complicated. Each sample underwent a cycle of three individual measurements
with a length of one week each following its implantation. In each of the three
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4. Reduction of radon emanation using surface coatings

measurements, the 220Rn emanation rate of the sample has been measured using the
electrostatic radon monitor described in section 3.1.3. As described in section 3.2.2,
the radon emanation is determined via the activity of its daughter isotope 212Po,
which are selected by their decay energy as shown in figure 3.17.
During the first measurement, the initial emanation of each sample is determined.

The sample is then taken out of the monitor, and a 5µm thick copper coating is
applied to it using the ECP procedure. After the coated sample is thoroughly rinsed
and dried, its new radon emanation rate is measured in the radon monitor. A third
measurement is performed after the coating of the sample is removed using the
reversed-voltage method described in section 4.2.
Figure 4.15 shows the evolution of the detected 212Po rate from sample 1 through-

out its three week measurement cycle. For a simpler presentation, the data (black)
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Figure 4.15: Detected 212Po activity from the recoil implanted sample 1 over the full measurement
cycle of approximately 3weeks. The activity is corrected for the overall decay of the implanted
224Ra in the sample. An upper and lower bound for the reduction factor (Rmin/max) are determined
by comparing the 220Rn emanation rates (horizontal gray lines). The red line shows the fit of the
data with the model introduced in section 3.2.2. Around day 12 a crash of the DAQ resulted in a
short period where no data was taken.

and the fit function (red) are corrected for the overall decay of the 224Ra activity in
the sample 2. The 220Rn emanation rates (gray lines) are then constant during each
interval. Their discontinuities come from the reduced (increased) radon emanation
due to the coating (the removal of the coating). The amount of emanation in each
interval is determined from the fit of the (uncorrected) data with the solution of
the Bateman equation (eq. 3.9). Due to the decay of the 224Ra activity, the 212Po
activity can only reach a transient equilibrium. This results in its activity being
15% larger compared to 224Ra (see figure 3.18). To simplify the presentation, this
effect is corrected for, such that the gray lines in figure 4.15 match the equilibrium
rate of 212Po.

2Note that the decay still leads to an increase of the statistical uncertainty at later times.
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4.3 From tungsten to stainless steel

The lower panel in figure 4.15 shows the residuals between the model function
and the data. Apart from a slight deviation at the beginning of the measurement
cycle, the activity evolution shows very good agreement with the model. To reduce
the number of fit parameters, an equilibrium between the initial activities of 224Ra,
220Rn and 216Po (first part of the decay chain), as well as 212Pb, 212Bi and 212Po
(second part) is assumed. A repetition of the fit without this constraint yielded a
very similar result. Furthermore, the 212Pb activities at the beginning of the second
and third interval, are fixed to the remaining 212Pb activity at the end of the previous
interval. This constraint can be made, since the collected 212Pb activity will remain
on the PIN diode until the beginning of the next interval due to the extended half-
life of 212Pb (T1/2 = 10.6 hours). Therefore, only the initial 212Pb activity in the first
interval is left as an additional free fit parameter.

As can be seen, the 220Rn emanation rate after removal of the coating, is signifi-
cantly lower than the initial emanation rate. This is because a part of the implanted
224Ra is dissolved from the sample into the electrolyte, which will be further dis-
cussed at the end of this section. The reduced activity in the coated sample, leads
to an overestimation of the radon reduction factor if it is computed as the ratio
of emanation in the first and second interval (Rupper). Likewise, the ratio between
emanation in the third and second interval (Rlower) is prone to underestimation of
the true reduction factor R of the coating, because activity is also removed during
the removal of the coating. However, the true reduction factor R is always within
the two bounds, such that

Rlower ≤ R ≤ Rupper . (4.10)

To test the reproducibility of the ECP coating procedure, the described measure-
ment cycle has been applied to three of the four recoil implanted samples that are
described in section 3.2 (sample 1, 3 and 4 ). The fourth sample (sample 2 ) has been
used for an additional test of the 224Ra removal by the electrolyte which is detailed
below. Table 4.2 summarizes the obtained 220Rn reduction factors of the 5µm thick
copper layers for the three tested samples.

Despite a considerable variation between the samples, they all show a suppres-
sion of 220Rn by at least one order of magnitude due to the coating. Their upper
limits range between two and even three orders of magnitude. Furthermore, all of
the applied coatings turned out to be without irregularities, such as darkening or
whiskers, that have occurred in past studies [149].

The table also shows the fraction of the sample’s remaining activity. While sample
1 & 3 have both lost about 3/4 of their activity during the coating and its removal,
this is not the case for sample 4, which has suffered an almost complete removal.
The reason for this difference remains unknown. It should be noted however, that
during the last measurement of this sample, a malfunction of the detector required
an exchange of the PIN diode. Though it is expected that this leads to a slight
reduction of the detection efficiency, the large deviation cannot be accounted for.
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4. Reduction of radon emanation using surface coatings

Table 4.2: Upper and lower limits for the reduction factors of the 220Rn
emanation rate using samples implanted with 224Ra via recoil. Rlower/upper

correspond to the reduction factors as defined in figure 4.15. The last row lists
the percentage of the sample’s initial activity that remains after the coating is
removed. The numbers are corrected for the decay of 224Ra.

Sample 1 3 4

Rlower 20.4±0.3 142±8 12.3±1.6
Rupper 83.6±1.3 640±37 1050±140

Remaining
224Ra activity

(24.44±0.12)% (22.18±0.11)% (1.13±0.03)%

Investigation of 224Ra removal by the electrolyte

The loss of activity was investigated using a “dummy” procedure, in which the second
sample (sample 2 ) has been submersed into the electrolyte without being coated.
Care was taken, that the temperature and agitation of the bath, as well as the
duration were the same as for the standard ECP procedure.
Without the external voltage being applied, the stainless steel and copper surfaces

act like a simple battery and produce a potential difference. The time evolution of
this voltage is shown in the right of figure 4.16 over the duration of the submersion.
The visible decrease of the voltage between the both metals clearly indicates some
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Figure 4.16: Left: Evolution of the corrected 212Po activity detected from sample 2 before and
after its extended submersion into the electrolyte solution. A clear reduction of the implanted
224Ra activity is visible despite there was no coating layer applied during the submersion. Right:
Evolution of the potential difference between sample 2 and the copper counter electrode during
its 25minute long submersion into the electrolyte solution (40◦C).

sort of change occurring on the sample surface. This is confirmed by the (97.38±
0.02)% reduction of the 220Rn emanation rate of the sample due to the electrolyte
treatment (figure 4.16 left). Note however, that during the normal ECP procedure
the sample surface is quickly protected by the formed copper layer. To further reduce
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4.3 From tungsten to stainless steel

the contact time of the steel surface with the electrolyte, the remaining coatings were
performed with the voltage being pre-applied to the sample, such that the coating
process starts as soon as the sample is submersed.
A likely explanation for the mechanism of removal is the corrosion of stainless

steel by the sulfuric acid. The long-term corrosion rate of stainless steel by sulfuric
acid is reported in [171]. From extrapolation it can be expected, that 20µg steel
are removed during the 25minute long submersion. This translates to a material
thickness of roughly 10 nm, which is of the same order of magnitude as the expected
depth of implantation (see section 3.2.1).
The migration of activity into the electrolyte was confirmed independently using

high purity germanium (HPGe) gamma spectrometry (see section 3.1.2). Clear con-
tributions from 208Tl and 212Pb which are part of the decay products of 224Ra were
found in the used electrolyte. Subsequent HPGe measurements were also carried
out for the solutions used for samples 3 & 4. For both samples, 224Ra has been
detected in the electrolyte used for the coating, as well as in the one used for its
removal. Therefore, the true reduction factor is neither exactly equal to Rlower nor
to Rupper, but indeed in between the both values. In both cases however, slightly
more activity was dissolved during the coating step, such that R is probably closer
to Rlower than it is to Rupper.

4.3.2 Coating of a 226Ra implanted sample

Figure 4.17: Picture of the 226Ra implanted
stainless steel sample B in the HPGe screening
holder after coating

One further coating has been applied
to verify the promising radon reduc-
tions found for the ECP procedure on
one of the 226Ra implanted stainless
steel samples described in section 3.1.
This test finally allows to quantify the
reduction of 222Rn emanation from a
stainless steel surface. Therefore, it
is regarded as the closest to any real-
world application so-far. Sample B
has been chosen for this test which
has an implanted 226Ra activity of
(8.4± 0.3 stat ± 1.0 syst) Bq and offers
(2.00± 0.05)Bq of 222Rn emanation.
The sample has been coated with

5µm of copper following exactly the
same procedure as has been applied to the 224Ra implanted samples. As shown
in figure 4.17, the coating turned out bright and smooth. Also the time evolution
of voltage and current density (see figure 4.13, above) shows no indications of ir-
regularities during the deposition process. After the sample has been rinsed from
any residues of the electrolyte solution, it has been mounted into the emanation
vessel used for the 222Rn measurements by miniaturized proportional counters as is

79



4. Reduction of radon emanation using surface coatings

described in section 3.1.3.
The results from several measurements over the course of almost one year following

the coating are summarized in figure 4.18. The applied coating proved to be highly
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Figure 4.18: Evolution of the 222Rn emanation of the 226Ra implanted stainless steel sample after
coating. Black error bars correspond to statistical uncertainty of the emanation measurements. The
common systematic uncertainty from the conversion of the remaining activity into the reduction
factors (right axis) is reflected by the gray bars. Shown in blue is the expected equilibrium value
determined by the fit function drawn in red.

effective and suppresses the emanation by about three orders of magnitude to the
level of a few mBq. Furthermore, the data show a clear time-dependence, which
will be further discussed at the end of this section. For now, only the equilibrium
value of the remaining emanation will be extracted by a fit of the evolution with an
exponential function having a constant offset

A(t) = A0 · e−t/τ + Aeq , (4.11)

that was found to describe the data reasonably well. The time constant with which
the emanation decreases is found to be τ = (33 ± 4 stat) days and the expected
equilibrium emanation amounts to Aeq = (1.22± 0.06 stat)mBq. Here the statistical
uncertainty is from the individual measurements as represented by the black error
bars.
The right axis of the figure shows the converted 222Rn reduction factor, which is

computed as the ratio between the sample’s initial emanation and the emanation
after the coating. This conversion introduces two sources of systematic uncertainties,
which are indicated by the gray error bars. One contribution is from the 2.5%
uncertainty of the sample’s initial activity. The second contribution is related to the
observed removal of activity from the sample during the coating process. The latter
is determined based on additional HPGe measurements of the sample and the used
electrolyte.
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Approximately one month after the coating of the sample, its implanted 226Ra
activity was re-measured in the same HPGe gamma spectrometer setup as described
in section 3.1.2. A 8.3% lower activity is found in the 186 keV gamma emission line
from 226Ra. An additional measurement of the used electrolyte solution revealed an
increased activity in the short-lived radon daughters 214Pb and 214Bi, compatible
with the missing amount of activity in the sample. Both results are summarized
in table 4.3 and compared to the respective activities prior the coating. The initial

Table 4.3: Comparison of activities for radium and radon daughters in the 226Ra
implanted sample before and after coating as well as in the used electrolyte. Mea-
surements carried out using HPGe gamma spectrometry. Table adapted from [172].

Activity 226Ra (186) keV (Bq) 222Rn daughters (Bq)

uncoated 8.4± 0.3 stat ± 1.0 syst 6.0± 0.3
Sample

coated 7.7± 0.2 stat ± 0.9 syst 7.2± 0.4

before - . 0.012
Electrolyte

after - 0.34± 0.02

226Ra content of the electrolyte is determined from one of the measurements related
to the pre-tests with the 224Ra implanted plates. Since there are only trace amounts
of 226Ra present in this sample an upper limit of the radium activity can be given
which is about 12mBq.

In contrast to the 224Ra recoil implanted samples, the activity loss of the 226Ra
implanted sample is found to be much less severe. This is likely a consequence of
the difference in the distribution of the implanted activity in both samples. As
shown in figure 3.2, the sample implanted by the radioactive ion beam (RIB) at the
ISOLDE facility has less activity located close to the surface compared to the recoil
implanted sample (figure 3.15). Assuming that the electrolyte mostly affects the
activity located closest to the surface, this difference is to be expected.

The reported reduction factors in figure 4.18 have been corrected to account for
the removed activity. A non-uniform removal of activity results in an altered radon
emanation fraction of the coated sample, giving rise to a systematic uncertainty.
For this, the following two extreme cases are considered. The first case assumes
that radium is extracted (leached) out of the uppermost layers, while the stainless
steel remains untouched. On average, the implantation depth would become slightly
deeper, resulting in a reduced emanation fraction (see section 3.3). For the second
case, it is assumed that the electrolyte removes (etches) the steel together with the
radium from the sample. In this case the mean depth of the implantation would be
reduced, and the emanation fraction of the sample is increased. Note that the second
case might be more likely, given the known corrosion of stainless steel in sulfuric acid
discussed in the previous section. Still the emanation fractions F for both cases are
evaluated using the Gaussian model described in appendixC, to give a conservative
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estimate of Fcoated =
(
23.3+17

−1.2

)
%. With this the equilibrium reduction factor R of

R =
(
1500± 70 (stat) +250

−50 (syst)
)

can be determined from the value of Aeq of the fit function (equation 4.11).
A cross-check of the coating’s high efficiency is apparent from the activity of the

short-lived 222Rn radon daughters reported in table 4.3. For the uncoated sample,
this activity is lower by about 2Bq when compared to the implanted 226Ra activity.
This is explained by the emanated radon from the sample being removed from the
measurement chamber due to the constant purge of nitrogen. After the coating is
applied both activities are found to be compatible, since the radon emanation is
almost completely stopped and the radon daughters decay in the coating layer.

Estimation of an effective radon diffusion constant

As can be seen from figure 4.3, the recoil-driven emanation through a 5µm thick
coating layer should be completely negligible. Therefore, it can be assumed that the
remaining radon emanation is released from the sample by the diffusion of radon
through the coating.
Using equation 4.7, allows to convert the observed reduction factor R into an

effective value of the diffusion constant Deff .

D =

(
h
√
λ

cosh−1(R)

)2

for h > 0 and R > 1 (4.12)

Deff =
(
9.0± 0.2 (stat) +1.2

−1.4 (syst)
)
× 10−15 cm2

s
.

Where h is again the layer thickness. Note that the coating layer contains many
imperfections, such as grain boundaries and displacements. Furthermore, one fifths
of the layer thickness is attributed to the powdery adhesion layer, which is deposited
at a much higher surface current density. Therefore, its value should be treated as an
effective diffusion constant. It is likely larger than the one of metallurgical copper,
which is expected to be more compact. The systematic uncertainty contains the
propagated uncertainty on the reduction factor, as well as a 7% uncertainty on the
thickness of the layer. The latter is estimated from the variation of observed mass
increases in the set of the three coated 224Ra recoil implanted samples. The layer
thickness was confirmed on an identically coated reference sample by means of a
micrometer screw to be 6± 1µm[173].
Values for the radon diffusion constant have been reported for polymers, such as

Nylon (10−12 cm2/s) [152] or high density polyethylene (HDPE) (19×10−8 cm2/s) [154],
as well as for radon barriers used in the building sector (e.g. [174]). These values are
several orders of magnitude larger, compared to the one found for the copper coating.
This difference is expected, since the diffusion in metal is typically smaller compared
to polymers. No literature values have been found for the diffusion of radon in met-
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4.3 From tungsten to stainless steel

als. However, measurements on the diffusion of xenon in copper have been reported
by Rickers [175] for a temperature of about 500◦C and by Kawasaki [176] at about
1000◦C. Despite the temperature difference, both authors find similar values for the
diffusion constant of 2×10−14 and 1×10−14 cm2/s respectively (see also the discussion
in [175]). Though this seems suspiciously close to the value obtained in this work,
it needs to be stressed that the present measurements have been carried at much
lower temperatures. A diffusion constant in the range between 10−38 to 10−42 cm2/s
would be expected by extrapolation of these values [175, 176] to room-temperature
using the Arrhenius equation [177].

Discussion of the time dependence

The measurements shown in figure 4.18, show a clear decrease of the radon ema-
nation rate with a time constant τ = (33 ± 4)days. Possible explanations for this
behavior will be discussed in the following. So far, the discussion was based on the
steady-state solution (∂t = 0) of the diffusion equation. Numerical solutions for the
time-dependent equation are shown in figure 4.7 for selected values of the diffusion
constant D. Starting from an initially radon free coating layer (η(x, t = 0) = 0),
the exhaled radon flux is zero initially and then approaches its equilibrium value.
For D ' 10−14 cm2/s the steady-state should be reached after roughly 20 days. This
expectation is in clear contradiction to the measurement, which revealed radon from
the sample already a few days after the deposition. A large initial radon concentra-
tion η0 � η(x) present in the layer after deposition, could explain an initial radon
outflow with a subsequent decrease. The numerical evaluation of such a case, how-
ever showed a much faster decrease of the radon emanation (τ ≈ 0.3 days), which is
also incompatible to the measured data.
The more likely explanation is that the value of the diffusion constant itself de-

creases over time. One reason for such a decrease could be for example the formation
of an oxide layer on the surface of the coating, acting as an additional diffusion bar-
rier for the radon. A time and temperature dependent reduction of the 220Rn emana-
tion rate has been observed for copper coated WTh electrodes in past studies [149].
This coincided with a discoloration of the coating layer, which was attributed to the
formation of an oxide layer. In the present case, the sample has been stored under a
protective helium atmosphere for most of the time, slightly disfavoring the hypoth-
esis of oxidation. An alternative explanation might be the so-called self-annealing
of the copper layer. This behavior has been reported for electroplated copper lay-
ers even at room temperature [178–184]. The annealing results in the growth of
the microscopic copper crystals, which in turn leads to a decrease in the amount
of grain boundaries in the layer. Since diffusion is enhanced along these bound-
aries [160], such a process will reduce the effective diffusion constant of the material
and therefore the radon release.
Regardless of the precise reason, the coating only becomes more effective as a

radon barrier over time. So the underlying mechanism does not pose a thread, but
on the contrary might even offer a chance. If the change is indeed connected to
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an annealing process, this could be exploited by subsequent heat treatments of the
coatings to improve their radon mitigation performance.

4.4 Summary and outlook

Contemporary large-scale dual-phase xenon TPCs used for direct dark matter de-
tection such as XENONnT [6], LZ [51] and PandaX-4T [52] will reach unprecedented
low levels of experimental backgrounds. The low energy electronic recoil events pro-
duced by decay products of 222Rn are expected to be their dominant background
contribution. Therefore, future detectors like the planned DARWIN observatory [39],
require an even further suppression of the experiment’s radon emanation rate.
Reaching this ambitious goal, will require a well coordinated ensemble of tech-

niques for radon prevention and removal, together with analysis strategies for re-
jection of radon-induced background events. In chapter 2, the performance of the
XENONnT radon removal system has been evaluated. Though this system showed
an impressive radon reduction, its gain will likely be reduced in a future detec-
tor, by the large xenon inventory together with its limited throughput capabilities.
Therefore, techniques which prevent radon emanation in the first place will become
even more important. A novel approach for the mitigation of radon emanation us-
ing surface coatings, showed promising results in previous studies [71, 126, 148, 149].
Several coating techniques have been evaluated, using thoriated tungsten electrodes.
The most promising method so far was found to be electrochemical plating (ECP)
of copper at an applied surface current density of 10mA/cm2.
This technique was further investigated in this work, while two important short-

comings of previous studies have been successfully overcome. So far, the ECP proce-
dure has been mainly applied to tungsten samples emanating predominantly 220Rn.
Using the 224Ra implanted samples (see section 3.2), it was possible to also validate
the procedure on stainless steel surfaces. Furthermore, one coating has been pre-
pared on the 226Ra implanted stainless sample described in section 3.1. This allowed
to measure for the first time the 222Rn reduction from a realistic sample with good
sensitivity. A suppression of the 222Rn emanation rate of three orders of magnitude
was achieved. From this, an effective diffusion constant of the order of 10−14 cm2/s
can be estimated using the derived model for radon diffusion in the coating layer. It
is concluded, that the remaining radon escapes from the coating most likely along
lattice defects like for example the grain boundaries. The obtained result is very
promising and exceeds by far the required radon reduction for a future large-scale
experiment.

Future challenges

The promising results obtained in this work are only the first step towards a possible
application of this technique in a large-scale experiment. In the following, a non-
extensive compilation of the remaining challenges that need to be addressed is given,
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along side with possible future studies.
For future large-scale detectors the preparation of uniform, high-quality coating

layers on a variety of surfaces will be required. They could cover a range of different
shapes and sizes between 0.1m2 up to tens of square meters. So far the coatings
have been prepared on surfaces of order of few cm2. To verify the scalability of the
technique, a multi-staged approach should be followed, in which the size of coated
samples is gradually increased. The radon screening infrastructure at the MPIK
offers stainless steel emanation vessels of various sizes. Since their radon emanation
rates are known with good precision, the gain in radon reduction by the coating can
be directly validated. Furthermore, a reduced emanation rate of these vessels due
to the coating can help to increase the sensitivity of future measurements.
The gain in radon reduction heavily depends on the amount of 226Ra that is

incorporated in the layer. Due to its low content of radioactive impurities, elec-
troformed copper is a widely applied shielding material for low-background experi-
ments (e.g.[167, 168]). However, the electroforming process is not identical with the
ECP method developed for radon mitigation. Therefore, it remains to be shown
that the coating is produced free of 226Ra. This could be evaluated by artificially
contaminating the electrolyte with radium and measuring the amount of radium
incorporated in the coating.
The application of a coating in the cryogenic LXe environment comes with a chal-

lenge and a chance. Since the diffusion is strongly suppressed at low temperatures,
it is expected that the radon reduction of the coating will be increased. This effect
has been observed in [126] for temperatures reaching as low as -90◦C. On the other
hand, the different thermal expansion coefficients of the coating and substrate will
lead to thermal stress, which needs to be absorbed by the coating. Preliminary tests
of the effect of repeated thermal shock treatments of copper coated WTh electrodes
showed only a minor degradation of the 220Rn reduction [71]. However a more robust
and systematic study will be necessary to guarantee the long term stability.
Future large-scale detectors will require to drift electrons in the LXe over distances

of several meters. This requires an extremely high chemical purity of the xenon. It
must therefore be verified that no harmful impurities like for example residues of
the electrolyte solution are dissolved from the coating by the LXe. The Heidelberg
Xenon (HeXe) dual-phase xenon TPC has been used in the past to study the impact
of polytetrafluoroethylene (PTFE) cleaning methods on the LXe purity [100, 125].
This setup which is described in more detail in the following chapter, can be used to
validate the applicability of electrodeposited copper layers under realistic operating
conditions. Further validations could also be done using the full-length demonstrator
setup, which is currently under construction at the University of Zürich [185].
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5 The Heidelberg Xenon detector

The Heidelberg Xenon (HeXe) setup recently received an upgrade to host a dual-
phase xenon time projection chamber (TPC). This detector has been employed to
measure the transmission of liquid xenon (LXe) scintillation light through polyte-
trafluoroethylene (PTFE) which will be further detailed in chapter 6. Furthermore,
the measurements of the light and charge response of LXe to alpha particles and
low-energy electrons (see chapter 7) were performed using this setup. Both stud-
ies have also been published in [P1]and [P2], respectively. The setup has been also
used to investigate the scintillation pulse shape of alpha events [186, 187] as well as
the influence of PTFE cleaning methods on the LXe purity [100, 125]. Before the
upgrade essential components of the systems have been applied for studies of the
radon depletion in xenon off-gas [77, 133], as well as for measurements of the re-
sponse of Hamamatsu R11410 photomultiplier tubes (PMTs) to xenon scintillation
light [188, 189].
Figure 5.1 shows the layout of the complete system in the laboratory at the Max-

Planck-Institut für Kernphysik (MPIK). The TPC is hosted in the cryostat (green)

Slow control
(SC)

Gas System
(GS)

Cryostat
(TPC)

Data 
acquisition

Emergency 
vessel

Figure 5.1: Photograph of the HeXe setup in the lab with all sub-systems labeled

and is described in detail in the following section 5.1. Gaseous xenon (GXe) is
recirculated and calibration sources can be introduced using the gas system (GS)
(orange) which is described in section 5.1.1. The slow control (SC) (blue) and data
acquisition (DAQ) (red) systems are used to monitor the system parameters and
record the scientific data, and are detailed further in section 5.1.2. Of special impor-
tance for the operation of a TPC are the electric fields, which require the application
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5. The Heidelberg Xenon detector

of high voltage (HV) in the detector. The different HV components will be detailed
in section 5.2, while section 5.3 will be dedicated to the simulation and optimization
of the electric fields in the detector. The chapter will be concluded with a short
outlook on a future upgrade of the detector.

5.1 Dual-phase TPC setup

PMT

PMT

Level
meter

Cathode Resistor
chain

Anode Gate

Field shaping
rings

Figure 5.2: Technical drawing of the HeXe time
projection chamber. Figure published in [P2].

The TPC consists of a cylindrical ac-
tive volume with a height of 5 cm
and a diameter of 5.6 cm, contain-
ing 345 grams of LXe. It is housed
in a PTFE support structure which
is situated in a vacuum insulated
cryostat having an inner diameter of
20.1 cm. A cut-away drawing of the
HeXe TPC is shown in figure 5.2 with
labels for the most essential compo-
nents. The active volume is instru-
mented by two Hamamatsu R6041-
406 2-inch PMTs (light green), that
feature a metal channel dynode struc-
ture and quantum efficiencies (QEs)
close to 40%. Their gain is calibrated
in situ using blue light from an exter-
nal LED, which is guided towards the
active volume by optical fibers. The
model-independent method described
in [190] is used for the gain estimation with additional details provided in [186]. For
a reliable measurement of large light levels (e.g. from alpha particle interactions),
thin light attenuators made from PTFE can be placed in front of the PMT windows.
Three electrode meshes are used to apply the electric fields in the detector which

are needed to drift, extract and amplify electrons produced by particle interactions
in the LXe. The meshes are accommodated in circular stainless steel holders which
are supplied with HV by PTFE insulated cables. The homogeneity of the drift field
is enhanced by three field shaping rings (FSRs) placed equidistantly along the drift
length. They are connected between the cathode and gate electrode using a series
of four 1GΩ HV resistors acting as voltage dividers. Electrons arriving at the top
of the detector are extracted from the LXe phase into the GXe by an extraction
field applied between the gate and anode electrode which are 5mm apart from each
other. During normal operation the height of the LXe level is maintained between
these two electrodes.
The height of the LXe level is measured by the capacitance change of four cylin-

drical level meters distributed around the outer circumference of the PTFE support
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structure. Three of them have a height of 1 cm to measure the height of the liquid
level close to the extraction region. One longer level meter allows to measure the
height of the liquid over the full length of the active volume [100]. The LXe temper-
ature is measured using three Pt100 temperature elements placed along the height
on the outside of the support structure. An additional sensor which is placed on the
top of the structure allows to measure the GXe temperature.
For maintenance of the TPC, for example to insert the PTFE attenuators, the

TPC can be moved out from the cryostat. To prevent contamination of the detector
by impurities like oxygen and water, such maintenance operations are performed
inside a nitrogen flushed glove bag [100, 125].

5.1.1 Gas handling system

The operation of a LXe TPC requires a high chemical purity of the xenon, such that
the light and the charge signals are not attenuated by dissolved impurities such as
oxygen or water [2]. Therefore, the xenon is constantly recirculated and purified in
a hot zirconium getter (SAES MonoTor PS3) using the GS sketched in figure 5.3.
Xenon is extracted from the LXe reservoir below the bottom PMT, while the purified

Figure 5.3: Scheme of the HeXe
gas handling system used for
xenon recirculation, purification
and recuperation via cryogenic
pumping. Also shown are the two
gaseous sources used in this work.
Figure published in [P2].
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xenon gas is liquefied on a copper surface which is cooled using a helium-driven pulse
tube refrigerator (Leybold cool power 140T). It is then guided back into the active
volume by a funnel. The recirculation is driven by a KNF double diaphragm pump
and the flow rate is adjusted to 2.75 SLPM using a manual bypass valve. The flow
is measured by a MKS mass flow meter (MFM).
Furthermore, the GS allows to mix internal calibration sources into the xenon

stream. Metastable 83mKr (T1/2 = 1.8 hours) can be transported into the TPC
by the recirculation flow from 83Rb loaded zeolite beads stored in an U-shaped
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tube [71, 191]. It decays via a short-lived intermediate state under the emission of
two conversion electrons with energies of 32.1 keV and 9.4 keV. The long half-life of
83Rb (T1/2 = 86.2 days) [192] allows for a constant rate of 83mKr interactions in the
detector throughout the duration of the measurement. The second source allows
to inject 222Rn into the xenon. Before it can be used, it needs to be loaded with
radon, following a similar procedure as is described in section 3.1.3. First, a radon
helium mixture is extracted from a aqueous 226Ra source. The radon is then stored
using an activated carbon trap held at liquid nitrogen temperature, while the helium
carrier gas is removed by pumping. After the trap is warmed up and connected to
the GS, the radon can be released into the xenon stream where it slowly decays
(T1/2 = 3.8 days) throughout the duration of the measurement.
The xenon inventory of the system is stored in a high-pressure stainless steel

cylinder. During filling of the detector between 2.5 and 3 kg of xenon need to be
expanded via a pressure reducer into the cooled cryostat in order to reach the desired
LXe level. After the filling is completed, the cylinder is submersed in a bath of liquid
nitrogen and the remaining xenon solidifies. At the end of the measurement or in
case of an unexpected loss of cooling, the xenon in the system can be recovered into
the storage cylinder by cryogenic pumping. Since this method relies only on the
availability of liquid nitrogen, xenon can be recovered even in the case of a power
outage.
The system is protected against dangerous over pressures by several rupture discs,

as well as an over pressure relief valve. To prevent the loss of costly xenon in such
a scenario, the system features an over pressure relief vessel (cyan in figure 5.1). It
is connected to the cryostat via an in-line rupture disc which bursts at a nominal
pressure difference of 3 bar. The vessel has a volume of 480 liters which is sufficient
to accommodate the filled xenon in gaseous form at room temperature.

5.1.2 Slow-control, data acquisition and processing

Slow-control and measurement procedure

The various detector parameters such as the pressures and temperatures as well as
the xenon flow rate and the height of the liquid level are monitored and recorded by
a dedicated SC system (dark blue rack in figure 5.1). It uses a custom designed Lab-
VIEW [193] interface that stores the recorded values in a PostgreSQL [194] database
from which they can be retrieved for later analysis [186]. The SC system furthermore
allows to issue warnings and alarm messages if certain parameters leave a pre-defined
range. An independent machine is used to notify HeXe operators in case of a crash
of the SC program or computer.
The typical evolution of cryostat pressure (red) and temperature (blue) over the

course of a several week long measurement is illustrated in figure 5.4. Before the
measurement begins, the cryostat is thoroughly evacuated to a pressure of at least
10−4 mbar (not shown). It is then filled with GXe to an absolute pressure of 2 bar,
which is recirculated and purified between the cryostat and the GS. Before filling,
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Figure 5.4: Evolution of the
cryostat pressure and temper-
ature during a 222Rn mea-
surement. The detector is
pre-cooled (1) before addi-
tional LXe is filled (2). The
measurement is conducted for
several weeks during which
the temperature and pressure
are stable (2-3). It is ter-
minated by the recuperation
of the xenon (3), followed by
warming up of the detector
(4). Figure published in [P2].

the system is pre-cooled in two steps to a temperature of -107.5 ◦C (1). Additional
xenon is then filled and liquefied to the system (2) and the recirculation is started.
The system reaches a thermal equilibrium at a pressure of (1.68 ± 0.02)bar and
a temperature of (−98.5 ± 0.02) ◦C. The measurement is carried out during the
following weeks of stable operation (2-3). At the end of the measurement (3), the
xenon is recovered into the storage cylinder. A residual GXe pressure of roughly
1.5 bar is recirculated in the system to accelerate the warming-up of the detector
(4).

Data acquisition and processing

The analogue signals from both PMTs are extracted from the cryostat using a welded
coaxial BNC feed-through to minimize the amount of electric noise. The signals are
then fed into a custom-built amplifier which amplifies the voltage of each PMT signal
by a factor of two and splits the output into two identical copies. The first branch
is processed by an analogue trigger logic consisting of a discriminator module and a
coincidence unit. Trigger signals are generated if both PMTs signals coincidentally
exceed a threshold of -10mV. The second branch is connected to two input channels
of a CAEN V1724 card, which digitizes the PMT waveforms at a sampling rate of 108

samples per second and with a voltage resolution of 14 bit. Waveform digitization
is triggered either by the analogue logic or by a similar coincidence requirement
processed internally by the digitizer. The digitizer is read out using a custom-made
software for which further details can be found in [186].
Figure 5.5 shows an example event waveform from a 83mKr decay after summation

of both PMT signals. The two S1 signals (blue) are shown enlarged in the inset of
the waveform. As expected from the decay scheme (right panel), the first S1 signal
(32.1 keV transition) is quickly followed by a smaller S1 signal due to the delayed
9.4 keV transition. The two S1s are then followed by two S2s (red) that correspond
to the charge signals from the two transitions. Note however, that for most events
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Figure 5.5: Example waveform of a 83mKr decay recorded in the HeXe TPC. The inset shows a
zoom into the region of the two time delayed S1 signals (blue) which are followed by two S2 signals
(red). The approximate trigger position (dashed gray line) coincides with the time of the first S1.
A simplified version of the decay scheme of 83mKr is shown on the right of the figure [192]. Figure
published in [P2].

the S2 signals have considerable overlap and cannot be resolved separately. Due to
the low discriminator thresholds the digitization of an event is usually triggered by
the first S1 peak in an event as indicated by the dashed gray line.
The relevant pulse parameters for the later analysis like area, time and width as

well as the peak type (S1/S2) are determined from the digitized waveforms using
the custom-built software described in [186, 195]. Peaks are identified as excursions
from the baseline which exceed the event’s baseline fluctuation by a factor of five.
Based on their shape, each pulse is then classified as being either an S1 or S2 peak.
As can be seen in figure 5.5, the S1 signals are well localized in time with a steep
left flank that is followed by a right-hand tail, while S2 signals are much wider and
have a more Gaussian shape. For a peak to be classified as an S1, its rise-time
needs to be shorter than 200 ns and its width must not be larger than 500 ns, with
the rise-time being the duration between the 10th and 50th area percentile of a peak
and the width being the duration between the 10th and the 90th area percentile. A
sufficient performance of these classification criteria was confirmed by inspection of
several hundreds of event waveforms.

5.2 High-voltage components and software control

HV needs to be supplied to several components in the HeXe detector for its op-
eration. The HV necessary for the operation of the PMTs is generated by a two-
channel NHQ 203M module manufactured by iseg Spezialelektronik GmbH [196].
Both PMTs are usually operated slightly below their rated maximum operational
voltage of -1 kV. The HV for the three electrodes in the detector is supplied by an
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iseg NHR 42 60 module with a maximum output voltage of ±6 kV. Furthermore, this
module provides for a high-resolution current readout with a precision of 50 pA [197].
This allows to detect potential connection failures between the FSRs and the cath-
ode and gate electrodes by monitoring the small electrical current flowing through
the interconnecting resistor chain. In the following, the feed-through and connector
solution as well as the custom-made software used to monitor and control all HV
related parameters are described.

5.2.1 High-voltage feed-through and connector

The dielectric strength of GXe is lower by a factor of four to five compared to dry
air at the same pressure [198, 199], which increases the risk for HV break-downs.
Since typical safe high voltage (SHV) components are rated up to a voltage of
5 kV in air, they were found to be unsuited for the application in the HeXe setup.
Different feed-through solutions have been tested for their HV compatibility using
a dedicated GXe-filled setup. A satisfying HV performance was achieved only after
10 kV rated SHV connectors were installed (see inset of figure 5.6). The xenon sided
ceramic insulator of these connectors is approximately 2.5 cm long, which is roughly
twice as long as for the 5 kV rated version. This helps to partially counteract the
reduced dielectric strength and allowed to apply voltages of up to ±5 kV in the test
setup. Three of these connectors were welded into a CF-40 flange and insulated by
additional PTFE tubes to prevent arcing between the three connectors, as well as
between the connector and the grounded stainless steel wall surrounding the feed-
through. A picture of the feed-through is shown in the left of figure 5.6. This solution

CF-40 flange PTFE insulator

Ceramic 
insulator

Connector pin

GXe-side cable

PTFE tube

Copper tube

Connector

Figure 5.6: Left: Photograph showing the custom-built HV feed-through solution using the weld-
able connectors shown in the inset. They are rated for up to 10 kV (in air) which allows to tolerate
the reduced dielectric strength of GXe. Right: Picture of the GXe side PTFE insulated electrode
cables. The sharp edges of the connector are shielded by a copper tube which is surrounded by a
piece of PTFE hose.

even allowed the temporary application of up to ±6 kV to the cathode and anode
electrodes of the HeXe system during the measurements presented in chapter 7.
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5. The Heidelberg Xenon detector

On the inside of the system, the PTFE insulated HV cables are attached to the
small nickel pin at the tip of the ceramic insulator using a clamping connector. As
shown in figure 5.6 (right) the connectors are covered by PTFE insulated copper
tubes to avoid the high electric fields at the sharp edges of these connectors. The
connection of the cable to the electrode is established by clamping the tip of the
cable into the electrode holder frame with a screw (more details can be found in
[100]).

5.2.2 Software for control of the high-voltage modules

For studies that require to scan over many different values of the drift field, adjust-
ment and record keeping of the different voltages by hand becomes very impractical.
Therefore, a Python software was developed that allows for a convenient monitoring
and control of all HV-related parameters. The program continuously reads the volt-
ages and electrical currents for each HV channel via the HV modules RS232 or USB
interfaces using the PySerial [200] package. These values are then stored in the
same PostgreSQL [194] database that contains the other slow-control parameters of
the system [186]. They are also displayed on the program’s graphical user interface
(GUI) which was designed using the PyQt5 framework [201].
Channel specific settings like the desired set voltage and ramp speed can be ad-

justed on separate tabs of the GUI for which an example is shown in figure 5.7.

Figure 5.7: Screenshot
of the graphical user
interface of the devel-
oped software allowing
to read out and control
the HeXe high-voltage
channels.

Despite the dedicated HV feed-through solution, HV break downs (“trips”) still
occur from time to time. In such a case, the electric current of the affected com-
ponent quickly rises and exceeds the tightly set hardware limit. The HV module
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5.3 Electric field simulation

will then immediately shut-off the supply voltage to this channel in order to prevent
damage to the setup. In such a case, the software can issue E-Mail and/or SMS
notifications to the HeXe operators. Furthermore, an automatized attempt can be
made to ramp the channel back to its nominal voltage, if there was no previous
trip of the same channel within a user-defined time interval. This feature has been
especially useful before the improved HV feed-through has been installed and HV
trips occurred more frequently.
Remote controlling the HV requires an interlock solution to prevent application of

voltage as long as the system is not protected from accidental touch. By requiring an
over pressure of at least 200mbar in the cryostat, it can be ensured that the detector
is fully closed, and HV bearing parts are not accessible anymore. Besides these safety
relevant features, the program also offers the option to perform automatic voltage
scans. For this a schedule containing the different electrode voltages, ramp speeds
and holding times can be loaded and executed. This feature allows to perform field
dependent studies with a high resolution of different fields. The optimal combination
of electrode voltages for each field can be obtained from the electric field simulation
described in the next section.

5.3 Electric field simulation

For the correct quantification of the electric field strength and its uncertainty, a
detailed three dimensional detector model has been developed using the commercial
software package COMSOL Multiphysics® [202]. The program allows to find a nu-
merical solution for the scalar potential field Φ(~r) for any point ~r within simulation
volume. For this the volume is discretized into small tetrahedra and the finite ele-
ment method (FEM) is applied. The distribution of the electric field ~E(~r) can then
be computed as ~E(~r) = −∇Φ(~r) [203].
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Figure 5.8: Three dimensional COMSOL model of
the HeXe detector used for electric field simulation.
Component voltages (blue) and absolute value of elec-
tric field (orange) are shown for a median drift field of
1.25 kV/cm. Figure published in [P2].

Figure 5.8 shows a cut-away
view of the used detector model
for a median drift field of approxi-
mately 1.25 kV/cm. The absolute
value of the drift field is shown
by the orange color-scale along
a central plane through the de-
tector. The voltages applied to
the different metallic components
are indicated by the blue color-
scale. Besides the three elec-
trodes and FSRs, the model con-
tains a detailed representation of
both PMTs, as well as the HV ca-
bles for the electrodes.
This section starts with a com-
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5. The Heidelberg Xenon detector

parison between different electrode designs based on their transparency and the
resulting homogeneity of the electric field. Afterwards, a superposition method is
introduced which allows to considerably speed-up the computation of different fields.

5.3.1 Evaluation of different electrode designs

To allow for the detection of the xenon scintillation light by the PMTs and for the
passage of electrons through the gate, the HeXe electrodes have a hexagonal mesh-
like structure. However, this leads to a certain amount of “leakage” of the field
between the two sides of each electrode. This leads to a less uniform electric field in
the drift region of the detector. Therefore, the optical transparency of the electrode
meshes needs to be balanced against the field non-uniformity caused by the field
leakage through the electrodes.

p

d

Figure 5.9: Section of a hexag-
onal meshed structure. The cell
spacing or pitch p and the wire
thickness d are labeled.

Figure 5.9 sketches a section of a hexagonal
shaped electrode mesh illustrating the two relevant
geometric parameters p (short diagonal distance or
pitch) and d (wire thickness). For an infinitely ex-
tended mesh, the mesh’s transparency T can be
approximated by the ratio of the uncovered sur-
face Ainner inside of one cell to the surface Aouter of
that cell (red hexagon),

T ≈ Ainner

Aouter

=
p2

(p+ d)2
. (5.1)

It should be noted however, that this geometric
approximation does not account for the direction
of the incoming light.
The dependence of equation 5.1 on the pitch and

wire thickness is illustrated in figure 5.10. Selected transparency values are indicated

Figure 5.10: Transparency of hexag-
onal meshes as function of cell pitch
p and wire diameter d. The trans-
parency is estimated from the ratio
between covered and open area using
equation 5.1. The two corresponding
grid options which are compared below
are highlighted by blue and red circles.
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5.3 Electric field simulation

by the black contour lines. Data from 83mKr decays has been acquired using two
different sets of hexagonal electrodes with the HeXe system. The first one having a
rather wide cell spacing of 6mm with a wire thickness of 100µm has an estimated
transparency of 96.7% (red circle). The second set uses electrodes with a narrow
pitch of only 1mm and slightly thicker wires of 120µm. Its transparency is estimated
to be 79.7% (blue circle). Both have been acquired from the US company Great
Lakes Engineering [204] where they have been produced via photo chemical etching
from 0.1mm thick stainless steel sheets. A subsequent chemical etching step was
performed to improve their HV performance.
The homogeneity of the electric field has been evaluated using the COMSOLmodel

for different combinations of the pitch and the wire thickness within an extended
range of p ∈ [1, 10] mm and d ∈ [0.1, 1] mm 1. Furthermore, the field homogeneity
from electrodes made from parallel wires was studied. It is found that such electrodes
can provide a slightly more uniform field compared to hexagonal electrodes of the
same optical transparency. The reason for this is that the parallel wires block light
only along one spatial dimension. This allows them to have a smaller wire pitch than
a hexagonal electrode. For the HeXe setup however, electrodes with a hexagonal
structure have been preferred due to their assumed higher mechanical stability.
Figure 5.11 shows a full comparison between the two types of hexagonal electrodes

that have been tested in the HeXe setup. The results from the 6mm and 1mm
pitched electrodes are shown in the left and right column respectively. The first row
shows photographs of both electrodes.
The second row shows the absolute value of the simulated electric field distribution

in the extraction and amplification region of the TPC. The PTFE support structure
is shown in light gray, while the top PMT as well as the anode and gate electrodes
are filled with a darker gray color. The liquid/gas interface is shown by the black
line in between the anode and gate electrodes. As both media have different relative
permittivities, the electric field is discontinuous along the phase transition. Below
the steel body of the PMT the fused silica entrance window is visible, which is
also included in the COMSOL model. As can be seen from the figure the field
homogeneity in the extraction and amplification region is greatly improved when
the electrodes with 1mm pitch size are used.
The third row shows the simulated field distribution in the drift region as well as

inside the full PTFE support structure. The electrode voltages for the simulation
have been chosen to resemble a default configuration of the detector with a me-
dian applied drift field of approximately 400V/cm as has been used for the studies
presented in [100, 125]. Similar to the extraction region, also here the more nar-
row pitched electrodes lead to a clear improvement of the field homogeneity. Along
the left side of both figures, local field distortions caused by the (non coaxial) HV
connection cable can be seen. It is found to influence the drift field by less than
0.5%. Since the influence from a coaxial cable was found to be very similar, the
mechanically more stable and less stiff non-coaxial solution was chosen.

1The effect of the sheet thickness on the amount of field leakage was found to be subdominant.
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Figure 5.11: Comparison between hexagonal structured electrode meshes with pitch of 6mm
and wire thickness of 100µm (left column) and pitch of 1mm and 120µm wire thickness (right
column). 1st row: Photograph of the etched electrodes. 2nd row: Close-up of the simulated
field in the extraction region of the HeXe detector. The logarithmic color scale represents the field
magnitude. Components made from stainless steel and PTFE are drawn in dark and light gray
respectively. 3rd row: Overview of the field distribution inside the drift volume and the PTFE
support structure. 4th row: Distribution of the S2 width and S2 size as a function of the drift
time for 83mKr data. The simulation and data correspond to a median electric drift-field of about
400V/cm with -900V and -950V being applied to top and bottom PMT, and the anode, gate and
cathode electrodes being at +3750V, -5V and -1950V respectively. Figures previously published
in [P2].
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The last row of figure 5.11 compares the quality of S2 signals from 83mKr decays
acquired with either set of electrodes. Further details on the selection of those
events will be given in section 7.2.1. The left-hand panel in both columns shows the
dependence of the S2 width on the drift time of the electron cloud in the LXe. The
expected increase of the S2 width from the diffusion of the electrons during the drift
is visible [2]. In the right-hand panel, the distribution of the observed S2 area as a
function of the drift time is shown. The decrease of S2 size is due to the attachment
of electrons to impurities in the LXe during the drift. It can be clearly seen that the
distributions are much narrower and defined for both the S2 width as well as the S2
size in the case of the grids with smaller pitch size [205].

Figure 5.12 shows the differences in field homogeneity from the two different elec-
trode types in dependence of the z−coordinate of the detector. The positions of the

Figure 5.12: Simulated absolute value
of the electric drift field in dependence
of the z−coordinate. Two different
hexagonal electrodes (red and blue) are
compared with the field that would be
produced by fully opaque plate elec-
trodes (black). The shaded/hatched ar-
eas indicate the range of the central
68% of the field distribution. Figure
previously published in [P2].
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gate and cathode electrodes are indicated by dashed gray lines. The shown field con-
figuration (approx. 400V/cm), was chosen to match the one used in [100, 125] and
shown in figure 5.11. The solid lines represent the median fields, while the shaded
and hatched areas show the ranges of the central 68% of the field. In addition to
the two previously compared electrodes (red and blue), the case in which the three
electrodes are replaced by solid, non-transparent plates is shown (black). While the
latter do not allow for passage of the scintillation light, such electrodes do not show
any “field leakage”. The remaining field in-homogeneity is then solely due to stray
fields not compensated by the field cage. As can be seen from the figure, the more
transparent electrodes (red) would lead to very significant distortions in the drift
field, while the ones with narrow pitch (blue) show an excellent homogeneity.
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5.3.2 Superposition method and field optimization

The calculation of electric fields can be computationally expensive especially if a
fully three-dimensional model is used. The computation can be sped up considerably
when the superposition principle is used. It allows to compute the field by summing
the fields of all individual electrical components [203]. To use this approximation,
the electric field originating from each component at a potential of 1V with all
other components put to ground potential is computed. These field maps are then
exported on a grid of 100× 100× 100 points evenly spaced in (z, r2, ϕ) throughout
the detector volume. Afterwards, the field for any arbitrary voltage combination can
be computed efficiently by multiplying the field of each component with the desired
voltage and summing all the individual fields.
This method has been validated by comparison to a direct computation using

COMSOL. For this, the reference field of 400V/cm shown in figure 5.11 has been
chosen. Figure 5.13 shows the absolute value of the relative difference between both
methods in a r2 vs. z map. The absolute value of the relative difference

|∆E|
Edirect

=

∣∣∣∣(Esup − Edirect)

Edirect

∣∣∣∣
between the superposition method Esup and the direct COMSOL evaluation Edirect is
shown on the color scale. The points corresponding to the ϕ direction are averaged
over in order to obtain a two dimensional map. The three electrodes are clearly
visible in the difference map with the deviation reaching values up to 20% there.
This is expected as the local field close to the thin electrode wires can become very
large. The later analysis is carried out in the fiducial volume defined in section 7.2.1
and indicated by the dashed white lines in figure 5.13. Within this volume, the
superposition approximation deviates at most by 2 per mille.

Figure 5.13: Relative difference be-
tween the result from the superposition
method and a direct COMOSL simu-
lation for a reference field of approxi-
mately 400V/cm. Besides regions close
to the three electrodes this approxima-
tion is found to deliver accurate re-
sults with the deviation within the fidu-
cial volume (dashed white lines) being
smaller than 2 per mille.
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5.3 Electric field simulation

Optimization procedure

The fast computation using the superposition method allows to use an iterative
optimization routine to find the combination of electrode voltages, which results
in the least amount of field inhomogeneities. The L-BFGS-B algorithm from the
scipy.optimize.minimize package [206] is used for the optimization, in order to
respect the hardware limitations of the HV modules. The optimization is constrained
to the drift field, since the field for amplification and extraction is kept constant
in the later analyses presented in chapter 7. This is done by keeping a constant
voltage difference between the gate and anode electrode of 3750V resulting in an
amplification field of approximately 10 kV/cm. Furthermore, the optimization is
constrained to the same fiducial volume as is used in the later analyses.
Figure 5.14 shows the resulting optimal voltages for the cathode (green), gate

(red) and anode (orange) electrodes needed to obtain a given median drift field (x-
axis). The shown voltages are computed for 1000 values of the drift-field between

Figure 5.14: Optimal electrode volt-
ages as a function of the desired drift
field. Voltages of the top and bottom
PMTs are set to -900V and -950V re-
spectively. Shown in blue is also the
median strength of the amplification
field in the GXe phase.
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0V/cm and 1.25 kV/cm. For low drift fields close to zero V/cm the optimal cathode
and gate voltages are close to the working potential of the bottom PMT (-950V).
For increasing fields, the cathode voltage becomes larger, such that it is effectively
floating and the potential is defined by the bottom PMT. This prevents the high-
field region usually present between the cathode and the bottom PMT. As soon as
the anode reaches the set limit 2 of +5 kV at a drift field of ∼ 200V/cm, the anode
and gate electrode stay at a constant potential and the cathode voltage becomes
lower in order to achieve higher drift fields.
Measurements of the LXe charge yield (see chapter 7) can be biased, if the ex-

traction and amplification field does not stay constant while the drift field is being
varied. Figure 5.14 shows how the value of the electric field in the GXe depends
on the applied drift field (right blue scale). The slight decline of the field in the

2Due to the increased risk of electrical break-downs, the ±6 kV maximum voltage of the HV
module are preferentially applied for limited duration and during normal working hours.
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gas phase in the range for low drift fields can be explained by the increasing field
between the anode and the top PMT. This field is directed in the opposite direction
and therefore slightly reduces the field in the GXe. For drift-fields above 200V/cm
the anode voltage is not increased any further and the field above the anode stays
constant. As the drift field increases, there is less “field leakage” from the extraction
region into the lower field drift region. This leads to a slight increase of the amplifi-
cation field. The overall variation of the amplification field is very small and of the
order of 0.5%. Due to the linear dependence of the S2 signal size on the strength of
the amplification field [207], this effect is small and can be neglected in the charge
yield studies.
The size of the field inhomogeneities are quantified as the central 68% of the

distribution of sampling points within the fiducial volume. Figure 5.15 shows how
the relative deviation depends on the applied drift-field for the electrode with 6mm
pitch (red) and 1mm pitch (blue). The relative uncertainty steeply increases for

Figure 5.15: Expected amount of drift
field deviation as function of the applied
field for two different types of hexagonal
electrodes. Figure previously published
in [P2].
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both electrode types in the regime of low drift fields due to the field leakage from
the extraction and amplification region. In the case of the narrow pitched electrodes,
the deviation is typically one order of magnitude lower than for the wider ones. The
field homogeneity is best at a median drift field of about 460V/cm. Here the field
deviation of the 1mm pitched electrodes show a minimum value of 1.2%. For higher
fields, the deviation shows a slight increase up to 1.5% at 1.26 kV/cm. It is assumed
that the increase is due to the increase of the reversed field between cathode and
bottom PMT (see figure 5.14).
For all measurements discussed in the following chapters, all three electrodes of

the HeXe detector were chosen to be with the narrow pitch (1mm) to allow for the
best possible field homogeneity.
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5.4 Possible future upgrade of the detector
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Figure 5.16: Electric field simulation of an po-
tential upgrade for the HeXe TPC with 10 cm
drift length. Result for a mean drift field of
800V/cm with hexagonal electrodes using 1mm
pitch and 7 field shaping rings.

For future large-scale LXe detectors,
background reduction will be very im-
portant. One promising method to re-
duce the radon induced background in
such detectors using surface coatings
has been presented in chapter 4. How-
ever, before such a coating can be ap-
plied, it needs to be validated that it
does not diminish the chemical purity
of the LXe (see section 4.4). The influ-
ence of novel PTFE surface cleaning
methods on the LXe purity has been
successfully tested in the past with
the HeXe setup [100, 125]. For these
tests, the attachment rate of electrons
to impurities in the LXe is measured,
as they drift upwards in the detec-
tor. Especially in the light of the un-
precedented purity level achieved by
the novel LXe purification technique
(see section 1.2.1), an increase of the
setup’s sensitivity to this attachment
rate will be required. This can be achieved for example by increasing the drift du-
ration of the electrons [100]. Therefore, an upgrade of the drift length of the HeXe
TPC from 5 cm to 10 cm drift length is being planned.
Figure 5.16 shows the simulated electric field for the detector with a drift length of

10 cm and hexagonal electrodes with a pitch of 1mm. Since the described COMSOL
model makes extensive use of parameters and parametric functions for geometric
quantities like the drift length or the number of field shaping rings, it could be
readily adapted for the upgraded geometry. The number of necessary FSRs was
determined by varying their quantity in the simulation between 2 and 14 pieces in
steps of two. It is found that for more than six FSRs only minor improvements can
be expected, as the field distortions will be dominated by the “field leakage” through
the semi-transparent electrodes. For the design it was therefore decided to use 7
FSRs, such that their distance stays the same as in the current 5 cm long version
of the TPC. This will allow to re-use most of the parts from the current detector in
the upgraded version.
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6 Transmission of xenon scintillation light
through PTFE

Polytetrafluoroethylene (PTFE) is a commonly used construction material for large-
scale xenon dual-phase time projection chambers (TPCs) [51, 59, 208, 209]. It is
mainly chosen because of its high optical reflectivity for xenon scintillation light.
The reflectivity of PTFE has been measured in several studies and values as high
as 100% were found depending on the surface finishing as well as the surrounding
medium [210–213]. In the case of the XENONnT detector, most of the internal sur-
faces are made out of this material to increases the light collection efficiency (LCE).
Despite this beneficial property, PTFE also has a large cross-section for (α, n) reac-
tions [62]. Since the neutrons liberated in such reactions can mimic the interaction of
dark matter particles, PTFE contributes to the background budget of experiments
searching for dark matter via nuclear recoil (NR) interactions. Its total amount
should therefore be minimized while maintaining the high reflectivity. Furthermore,
the PTFE surfaces are needed to optically separate the detector volume from any
additional liquid xenon (LXe) surrounding the active volume. If the PTFE enclo-
sure is chosen too thin the detector performance might degrade due to light leakage
between the two regions.
Such optimizations require knowledge of the transmission of vacuum ultraviolet

(VUV) light through PTFE, for which no literature values existed in the past. A
further motivation for such a study is the design of light attenuators needed for
the measurement of alpha-particle interactions using the Heidelberg Xenon (HeXe)
TPC which are presented in chapter 7. The photomultiplier tubes (PMTs) employed
in the HeXe setup are very sensitive devices which enable detection of individual
scintillation photons from the LXe target. Since typical alpha decay energies are
in the MeV regime, the amount of scintillation photons from such events is very
large [214]. These bright events can lead to signal distortions due to saturation. This
can be caused for example by exceeding the dynamic range of the amplifier as well
as the digitizer, but also due to charge depletion at the PMT base capacitors. Note
that a software-based correction like the one described in [215] is not applicable as
usually both PMTs are affected from saturation. Furthermore, prolonged exposure
of the sensitive PMTs to high light intensities can lead to a sensitivity decrease due
to aging effects [216].
For the design of these attenuators a dedicated measurement, also reported on

in [P1], has been conducted. Data from two different setups are combined in this
study, with the first one being a dedicated setup where the samples are in a gaseous
xenon (GXe) atmosphere at room temperature. This setup allows to systematically
investigate attenuation for many different values of the thickness. The results at
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room temperature are compared to data acquired with the HeXe setup in LXe and
GXe at cryogenic temperatures.

6.1 Transmittance of PTFE in gaseous xenon

Figure 6.1: Sketch of the setup used to
measure the transmission of xenon scintilla-
tion light through PTFE in gaseous xenon
at room temperature. Xenon scintillation
light is produced by the interaction of alpha-
particles emitted from an 241Am source with
the xenon. Figure published in [P1].
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Figure 6.2: Photograph showing
the assembly of PMT, aluminum
filler and attenuator

Most data on the PTFE transmittance was ac-
quired at room temperature using xenon scintil-
lation light produced by the interaction of alpha-
particles emitted by a 3.7 kBq 241Am source. The
used setup is sketched in figure 6.1 and consists of
a 47 cm long GXe-filled stainless steel tube hous-
ing a Hamamatsu R11410-21 3-inch PMT. PTFE
attenuator discs of six different thicknesses were
then placed in front of the PMT window and the
amount of transmitted scintillation light has been
measured. The PMT and attenuator are fixed by
three threaded rods which also ensure a constant
distance of (14.0 ± 0.3) cm between the attenua-
tor disc and the 241Am source mounted on the top
flange of the tube. The complete assembly, includ-
ing an aluminum filler behind the PMT, is depicted
in figure 6.2.
The alpha particles with an energy of 5.6MeV [76]

produce xenon scintillation light at a peak wave-
length of about 175 nm [55]. This is very similar
to the emission wavelength of LXe [217, 218]. The
produced VUV light is attenuated by some impu-
rities typically present in ambient air like for example water vapor [58]. A changing
impurity concentration between measurements would therefore lead to a bias in the
estimated transmittance. To prevent this source of uncertainty, the attenuator discs
were thoroughly cleaned using a detergent (ELMA CLEAN 65) and rinsed using
de-ionized water. Afterwards they were wiped using ethanol and dried inside an
air-tight vessel flushed with nitrogen at 200 SCCM at a pressure of about 50mbar.

106



6.1 Transmittance of PTFE in gaseous xenon

The PTFE discs were then stored in sealed plastic bags, filled with nitrogen at a
slight overpressure, to prevent subsequent air exposure. To exclude further contam-
ination of the discs during installation the setup was enclosed in a nitrogen-purged
plastic glove bag. Additionally, a strictly timed schedule was followed for the in-
stallation, pumping and GXe filling of the setup, with variations being smaller than
2minutes. To prevent correlation of time-dependent systematic effects with the mea-
sured PTFE thickness, the order in which the attenuators were measured has been
shuffled according to the last column shown in table 6.1. An additional measurement
without any attenuator in front of the PMT has also been carried out.
The investigated attenuator discs have been produced in two separate batches

from virgin grade round PTFE material [219]. The first batch has been produced
using a lathe with a steel back plate to support the PTFE sample. Material was
then carefully removed from the surface until the desired thickness has been reached.
This production mechanism was not suited for the production of very thin samples.
Therefore, the second batch has been produced using a mill while the samples were
fixed on a table by vacuum suction.
The attenuator thickness has been measured using a Mitutoyo ID-F150 digital

dial gauge. Each attenuator was measured at 49 points evenly spaced in (r2, ϕ)
across the surface covering the PMT window. Table 6.1 reports for each attenuator
the mean thickness as well as the observed standard deviation. Note that the sam-
ples produced using the vacuum suction support (batch 2), are on average, more
homogeneous.

Table 6.1: Thicknesses of the used PTFE attenuators as measured across
49 different points spread over the disc surface. The two different production
methods are indicated by the batch number. The order in which the attenuators
have been measured is given in the last column. Table adapted from [P1].

Attenuator Thickness [µm] Production batch Measurement

none 0 - 7
1 97± 2 2 1
2 283± 4 2 3
3 442± 6 1 5
4 737.6± 1.3 2 6
5 965± 4 1 4
6 1310± 30 1 2

Data analysis of the room temperature transmittance measurements

Signals from the PMT were recorded for exactly five minutes for each of the atten-
uators. The pulses were digitized using the HeXe data acquisition (DAQ) system
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6. Transmission of xenon scintillation light through PTFE

Figure 6.3: Full spectrum as
recorded for the attenuator of
thickness 0.3mm.
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and processed as detailed in section 5.1 and in [186, 195]. Figure 6.3 shows the dis-
tribution of the resulting pulse areas for the 0.3mm thick attenuator. The spectrum
of each measurement features three distinct populations which are detailed in the
following.

Full absorption events occur when the full energy of the alpha particles is de-
posited in the xenon. Using the “stopping and range of ions in matter” (SRIM)
code [121], the average range of the 5.6MeV alpha particles in GXe at a pressure of
1100mbar is determined to be 2.1 cm.
For the measurement of the transmittance, only this category of events is used.

They are selected as the region in which the spectrum maintains at least 1% of the
peak’s height (black bins in figure 6.3).

Figure 6.4: Picture of the 241Am
source in its source holder, attached to
the CF-100 flange of the test setup. The
actual size of the active surface is visible
by its slightly darker color.

Clipped track events are located in the low
intensity part of the spectrum. Their area
is typically found to be lower by about 25%
with respect to the full absorption peak area.
These events are caused by alpha particles
which are partially absorbed by the source
holder. Figure 6.4 shows the 241Am source in-
side its aluminum holder ring attached to the
vessel flange. The actual activity is visible
as a slightly darker region of 5mm in diame-
ter across the source surface. The 1mm thick
holder ring has an opening diameter of about
1 cm.
Alphas emitted from the source under shal-

low angles can hit the source holder and de-
posit only part of their energy in the GXe,
which results in less bright scintillation signals from these events. This hypothesis
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6.1 Transmittance of PTFE in gaseous xenon

is investigated with a simulation of the energy deposition of alpha particles in the
setup.

Figure 6.5: Simulated distribution of
the deposited alpha particle energy in
the setup. The low energy contribu-
tion is due to alpha tracks which de-
posit part of their energy in the source
holder. The large peak at 5.6MeV cor-
responds to the tracks with full energy
deposition in the xenon.
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Figure 6.5 shows the resulting simulated distribution. The simulation was done
using SRIM to generate alpha tracks in GXe which were then shifted and rotated to
approximate an isotropic emission from the 241Am source. The resulting distribution
shows the amount of energy deposited by the particles before being absorbed by the
source holder. It can be seen, that approximately 20% of the tracks are expected
to not deposit their full energy of 5.6MeV in the xenon. The tracks which are
absorbed by the source holder, deposit on average only approximately 1MeV. Both
observations agree qualitatively with the measured distribution of the light shown
in figure 6.3.

Pile-up events can occur when two or more 241Am decays happen close in time
to each other. In these cases, their PMT pulses are overlapping and cannot be
resolved separately by the data processor. They result in a single pulse with an area
corresponding to the sum of both individual pulses. For cases where both underlying
events were from the full absorption category the resulting pile-up peak is located
at twice the area of the full absorption peak in the spectrum. This was confirmed
by investigation of several waveforms from events falling into this region.

The collection of full absorption regions for all measured attenuators is shown in
figure 6.6. A two-sided Gaussian function is fit to the data in order to extract the
mean position. It has the form:

f(x) = N ·

e
− 1

2

(
x−µ
σ1

)2

x < µ

e
− 1

2

(
x−µ
σ2

)2

x ≥ µ
, (6.1)

where µ is the mean position, σ1,2 are the left and right-sided standard deviation and
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6. Transmission of xenon scintillation light through PTFE

Figure 6.6: Collection of the
full absorption peaks for all
measured attenuators. Data
is normalized such that the
maximum of each peak equals
to one. Solid lines indicate
the fit of the data with a
two-sided Gaussian function
as given in equation 6.1. Fig-
ure published in [P1].
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N is a scaling factor, chosen to be unity for the presentation in figure 6.6. Possible
reasons for the asymmetric shape of the full absorption peak are dependencies of the
light collection efficiency with the orientation of the alpha track as well as event pile-
up between full absorption events and clipped tracks. First, a preliminary manual
fit is done to obtain initial values for the parameters σ1,2. These are then used to
constrain the range of the final fit to the interval between [µ− 2 · σ1, µ + 2 · σ2], as
indicated by the solid lines in figure 6.6. The continuation of the fit function outside
this range is indicated using dotted lines.
The uncertainty on the measured light level µ contains the statistical uncertainty

due to the number of events as well as several systematic uncertainties. Variations in
the distance between the 241Am source and the attenuator surface would impact the
detected light level by a different illumination of the PTFE surface. The possible
variation of that distance amounts to 3mm as this is the clearance between the
holding structure of the PMT and the opposite flange (see figure 6.2). This translates
to an uncertainty on the measured light level of about 4% as estimated using an
optical GEANT4 [130] simulation of the setup. Though care was taken to mitigate
outgassing of impurities from the samples a slight decrease of the detected light level
has been observed throughout each measurement. This is illustrated in figure 6.7 for
the measurement carried out with the 0.1mm thick attenuator. A linear function
(red) is fit to the mean profile of the data (black markers) and used to correct the
detected intensity to its value at the beginning of the measurement (t = 0). Despite
this correction, a remaining uncertainty of approximately 0.7% needs to be taken
into account. It arises from the ∆t = 1min time variations between filling of the
setup with GXe (i.e. start of the outgassing) and the start of the DAQ (t = 0). Also
the PMT high voltage (HV) is only controlled down to a precision of ∆U = 1V.
Since the PMT gain varies strongly with the applied HV, the resulting uncertainty is
estimated to contribute with 0.6%. Finally the impact of the range in which the two-
sided Gaussian function is fit to the data is estimated by varying that range within
±1σ...± 3σ. This results in a variation of the inferred value of µ of 1.5%. The GXe
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6.2 Transmittance of PTFE in liquid xenon

Figure 6.7: The outgassing dur-
ing each measurement causes a
slight decrease of the light yield.
The mean profile of the distribu-
tion (black markers) is fit with a
linear function (red), which is used
to correct for that decrease.
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pressure varied by approximately 0.6% in between the measurements. The impact
on the xenon scintillation yield however is expected to be negligible [220]. Therefore,
it is not considered in the uncertainty.
The extracted data from the room temperature measurement are further analyzed

to conclude on the transmittance of PTFE in section 6.3.

6.2 Transmittance of PTFE in liquid xenon

The room temperature measurements are complemented by a study of the trans-
mittance inside a xenon dual-phase TPC. Two measurements have been carried out
in which different attenuators were installed in front of the top and bottom PMT
of the HeXe setup which is introduced in section 5.1. Table 6.2 lists the different
attenuators together with their measured thickness as well as the location in the
TPC they have been installed at.

Table 6.2: Thicknesses of the PTFE attenuators used in the HeXe setup for studies on the VUV
transitivity of PTFE under operational conditions in a liquid xenon TPC. Table published in [P1].

Attenuator Measurement PMT Phase Thickness

1 top GXe 175µm

2
a

bottom LXe 550µm

3 top GXe 3.3mm *

4
b

bottom LXe 700µm

* Attenuator with inhomogeneous thickness due to a pinhole with a diameter of
300µm.

After their installation the normal schedule of the measurement was followed as
is described in [100, 186]. For these measurements, the gaseous 222Rn introduced in
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6. Transmission of xenon scintillation light through PTFE

section 5.1.1 was used. The scintillation light produced by the alpha particles in the
LXe is then partially transmitted through the bottom and top attenuator discs and
detected by the PMTs. The LCE describes the probability with which the PMTs
detect these photons and is typically dependent on the location of the interaction
in the detector (see also figure 7.9). Bias from this dependence is avoided by a tight
selection on the drift time of the events, such that only the central 2mm of the drift
volume are selected.

Figure 6.8: Amount of light
detected by the bottom PMT
as a function of light seen in
the top PMT for 222Rn al-
pha events. Shown is data
from measurement a given in
table 6.2. Figure published
in [P1].
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Figure 6.8 shows the amount of light detected by the top PMT as a function of
the light seen in the bottom PMT for data from measurement a listed in table 6.2.
The red ellipse shows the fit of the data with a two-dimensional Gaussian function
for events falling inside the gray dashed box. This function is used to determine
the mean amount of detected light LY HeXe(Rn)i={t,b} in the top (t) and bottom (b)
PMT (red star). The relative attenuation factor γi={t,b} for the PTFE attenuators
can then be computed as

γi =

[
LY HeXe

with attenuators(Rn)

LY HeXe
no attenuators(Rn)

]
i={t,b}

. (6.2)

This requires a measurement of the 222Rn light level without the attenuators being
present. As mentioned in the introduction such a measurement cannot be done
precisely in the HeXe setup due to saturation. Therefore, the unattenuated light
level of alpha events needs to be estimated differently.
The light level from 83mKr LY HeXe(Kr)i={t,b} can be measured without saturation

and the need for attenuators. This value is then scaled by the ratio between the
light yield of 83mKr and 222Rn as observed in the XENON100 experiment [150]. In
the larger detector saturation effects are usually less severe and can be corrected for.
The light yield for 83mKr was extracted from [221], whereas for 222Rn the values
reported in [214] have been used. The resulting ratio between the light level from
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6.3 Results of transmittance measurements

both sources in the XENON100 detector is

LY XE100(Kr)/LY XE100(Rn) = 173± 4 , (6.3)

where the uncertainty is estimated as the inaccuracy from reading-off of the values.
Besides the attenuation the presence of the PTFE discs also changes the LCE in

the HeXe detector due to their high reflectivity. This necessitates one further cor-
rection factor which accounts for the altered photon detection probability between
the 222Rn and 83mKr measurement in the HeXe setup. In order to evaluate this
effect the optical simulation described in [186] is employed, allowing to evaluate the
probability Pi={t,b} of photons to hit either of the two PMTs for the case of an atten-
uator being present or not. For this, the attenuation inside the PTFE is switched off
in the simulation to only account for the effect of altered LCE due to the reflection.
The reflectivity of PTFE is also dependent on whether it is surrounded by GXe
or LXe [210–213]. For the attenuator in front of the top PMT (GXe) a reflectivity
of 76% is assumed as has been determined from the room temperature data (see
section 6.3). Whereas for the reflectivity of the bottom attenuator (LXe), a value
of 96% as reported in [213] is taken. Both values have been varied by ±30% in the
simulation, such that values reported in the literature [210] are covered. Addition-
ally, the impact from the assumed reflectivity of the stainless steel meshes, as well
from changes in the height of the liquid level were investigated and added to the
systematic uncertainty of the measurement. The effect of the latter tow, however, is
found to be subdominant. The attenuation factor γi is then multiplied by the ratio
of these probabilities to account for this effect:

γi =

[
LY HeXe(Rn)

LY HeXe(Kr)

]
i={t,b}

·
[
P (no attenuators)
P (with attenuators)

]
i={t,b}

· LY
XE100(Kr)

LY XE100(Rn)
.

(6.4)

6.3 Results of transmittance measurements

The transmittance of PTFE is measured by evaluating the amount of transmitted
light for each attenuator as a function of the attenuator thickness. This is shown in
figure 6.9 for the data collected in the room temperature setup (purple markers) as
well as for the measurement using the HeXe setup (orange and green markers).
For the data acquired at room temperature the mean amount of light transmitted

through each PTFE attenuator is given by the parameter µ of the two-sided Gaussian
fit function. The size of the error bars in the x-direction represents the measured
variation of the attenuator thickness as listed in table 6.1 whereas the size of the y
error bars includes the sources of uncertainty discussed in section 6.1. Two different
models are found to be in agreement with the obtained data. The first one describes
the observed attenuation by a Beer-Lambert law (red line), which is modified in
order to account for the possibility of a light leak in the setup. The second model

113



6. Transmission of xenon scintillation light through PTFE
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Figure 6.9: Resulting plot with fit of transmission of PTFE for xenon scintillation light. The
red line indicates a fit to the data with the modified Beer-Lambert law while the dashed gray line
indicates the fit with the two-flux model. Figure adapted from [P1].

(gray dashed line) considers light scattering within the medium and is referred to
as the two-flux model after Kubelka and Munk [222, 223].

Modified Beer-Lambert law

Neglecting the Fresnel reflection at the surface of the attenuator, the thickness de-
pendence of the transmitted intensity I(d) can be explained by a modified Beer-
Lambert law, given as

I(d) = A · e−
d
λt +B , (6.5)

where λt is the transmission coefficient and A describes the amount of transmitted
light through an infinitely thin attenuator. The additional constant B needs to be
introduced to sufficiently describe the data. It is attributed to a small light leak
allowing a constant amount of light to bypass the attenuator disc without being
attenuated by the PTFE. Its size is estimated to be (23 ± 6)PE. Using this model
the transmission coefficient of PTFE is determined to be

λt =
(
350 +60

−0 (sys) ± 50 (stat)
)
µm (6.6)

The statistical uncertainty of ±50µm reflects the uncertainty from thickness vari-
ations of the PTFE discs, as well as the uncertainty on the light level.
The systematic uncertainty needs to be added to account for the non-collimated
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6.3 Results of transmittance measurements

illumination of the attenuators. As the light is produced by an alpha source, the
xenon scintillation photons are emitted isotropically from the interaction region.
Some of these photons get reflected on the stainless steel surface of the vessel and
reach the PTFE surface at non-perpendicular incidence angles. The amount of
material traversed by these photons before reaching the PMT is larger than the
attenuator thickness itself. This effect has been evaluated using an optical simula-
tion of the room temperature setup [224]. In this simulation the light is produced
isotropically and homogeneously within a 2.1 cm large hemisphere centered around
the 241Am source. The reflectivity of unpolished stainless steel for the VUV scintilla-
tion light is assumed to be 30% as estimated by extrapolation of the values reported
in [225]. This results in an increase of the average traversed thickness by of a factor
of 1.16 which translates to an increase of the measured attenuation length by 16%.
For the highest reported values of the reflectivity of stainless steel of 57% [226] and
the conservative assumption of purely specular reflection, an increase by a factor of
1.47 is found, which corresponds to the reported asymmetric systematic uncertainty
of +60µm[224].
Figure 6.9 also shows the light level observed in the measurement without any

attenuator present in front of the PMT. As can be seen it is significantly higher than
the light level predicted from extrapolation of the Beer-Lambert law to an attenuator
thickness of zero. This difference is explained by the Fresnel reflection at the front of
the PTFE which reduces the amount of light being available for transmission if an
attenuator is present. Since the model does not include this reflection, this datapoint
has been excluded for the determination of the transmittance. By comparison of
the fit value for A = (330± 50)PE and the measured intensity without attenuator
the reflectivity of the used PTFE can be estimated to be around 76%.
The figure also shows the data points from measurements in the HeXe TPC setup

(orange and green markers). Note that the 3.3mm thick attenuator installed in
front of the top PMT during measurement b was omitted due to its inhomogeneous
thickness. To compare the TPC data with the ones from the room temperature
setup, the observed attenuation factors γi={t,b} are multiplied by the light level of the
room temperature setup (parameter A from the Beer-Lambert fit). The solid error
bars of these points reflect the statistical uncertainty of the fit as shown in figure 6.8,
whereas the shaded error bars indicate the spread of the systematic uncertainty
discussed earlier. The three data points agree within their combined systematic and
statistical uncertainty with the fit function from the room temperature data.
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Figure 6.10: Sketch of the two-flux
model describing light propagation in
intensely light scattering media.

The so-called two-flux model based on
Kubelka and Munk [222, 223] can be used to
describe light propagation and attenuation in
intensely scattering media. For the following
discussion, a one-dimensional model is chosen
in which the light propagation is described by
two light fluxes going either in the positive or
negative direction. Figure 6.10 shows a sketch
of the problem. The light fluxes at any posi-
tion x inside the medium of thickness d are re-
ferred to as f±(x). The quantities λscatter and
λatten are the effective attenuation and scat-
tering lengths of the medium respectively. The problem is then described by the
coupled system of differential equations as shown below:

d

dx
f+(x) = −

(
1

λatten
+

1

2λscatter

)
f+(x) +

1

2λscatter
f−(x)

d

dx
f−(x) =

(
1

λatten
+

1

2λscatter

)
f−(x)− 1

2λscatter
f+(x) . (6.7)

The following conditions can be imposed onto the light fluxes entering the medium
at the left and right boundaries:

f+(0) = A

f−(d) = 0 . (6.8)

As for the modified Beer-Lambert law, any reflection directly on the surface is
neglected and the light flux entering the attenuator from the left is given by A. The
second condition ensures that no light is entering the attenuator from the right hand
side, meaning that no light is being reflected backwards into the PTFE from the
PMT window. The boundary value problem is then solved numerically using the
Python scipy [206] package to determine the light flux reaching the PMT (f+(d)).
The model is then fit to the data of the room temperature setup yielding the following
parameters [227]:

A = (620± 180) PE

λscatter = (44± 18)µm

λatten = (30± 30) mm .

The evaluation of this function is indicated by the gray dashed line in figure 6.9
showing good agreement with the data. As can be seen the attenuation length is
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not well constrained by the measured data. It is found to be much larger than the
maximum thickness of the tested attenuators leading to a weak handle onto this
parameter. An independent measurement has been carried out around the same
time, in which thicker PTFE pieces have been investigated [63]. They find a good
agreement between their data and the one obtained in this work and derive values
for λscatter = (52 ± 6)µm and λatten = (40 ± 2)mm after combining the data from
both studies.

6.4 Summary and discussion

In this chapter, a measurement of the transmittance of PTFE to xenon scintillation
light has been presented. This material is a common choice for the construction of
LXe TPCs due to its high reflectivity for VUV light. To meet the stringent back-
ground requirements in future large-scale experiments it is required to minimize the
amount of PTFE in the detector while maintaining its optical properties. Therefore
the previously unmeasured transmittance of PTFE to xenon scintillation light is an
important material property for the design of future large-scale LXe TPCs.
The transmittance was studied using two setups. Most measurements were carried

out in a dedicated setup operated at room temperature in a GXe atmosphere. These
data are complemented by additional measurement using the HeXe setup which
allowed to test the transmittance under real operating conditions inside a dual-
phase LXe TPC. Both measurements are found to be in agreement within their
uncertainties. A sufficiently accurate description of the observed light attenuation
as a function of the PTFE thickness using two different models is shown. The first
one is a Beer-Lambert law which has been extended to account for a constant light
leak in the setup. The second one is a two-flux model which accounts for both
attenuation and scattering of light inside the PTFE. An independent study [63]
shows good agreement with the values extracted from this model.
The results from this study have been furthermore used as input for the design of

the light attenuators for the HeXe setup. They were a necessary addition allowing
the measurements of alpha interactions in LXe that will be detailed in the next
chapter.
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7 Study of alpha and electron
interactions in liquid xenon

Detector simulations have become an essential ingredient for the design, model-
ing, and event reconstruction of liquid xenon (LXe) detectors. A commonly applied
simulation tool for this is the “Noble Element Simulation Technique” (NEST) frame-
work [228, 229]. For the correct modeling of the underlying physical processes, it
relies on input from dedicated measurements. Especially in the regime of electric
drift fields . 50V/cm, however, only little data exists in the literature. As large-
scale xenon time projection chambers (TPCs) continue to fall behind their design
goals with respect to their electric fields [230], an improved understanding of this
low field regime becomes relevant. Profiting from the enhanced electric field homo-
geneity in the Heidelberg Xenon (HeXe) setup (see chapter 5), measurements of the
interactions of alpha particles and electrons have been carried out over an extended
field range between 7.5V/cm up to 1 640V/cm.
The first measurements concern the electron drift velocity in LXe, which is im-

portant for the reconstruction of the z-coordinate of an interaction in the detector.
This is followed by a study of the ionization and scintillation response of LXe to low
energy electrons and alpha particles. Especially for the latter, the available data in
the literature is very scarce [231, 232]. The results in this chapter are also published
in [P2].

7.1 Measurements of the drift velocity in liquid
xenon

One of the strengths of the dual-phase xenon TPC technology is the ability to
reconstruct the three-dimensional position of the events. As detailed in section 1.2.1,
their x− y positions are reconstructed by the distribution of secondary scintillation
light (S2) seen by the photomultiplier tubes (PMTs) at the top of the detector. The
S2 signal is delayed with respect to the spontaneous scintillation signal (S1) by the
time the electrons take to drift from the interaction point to the liquid/gas interface.
While in vacuum the applied drift field would constantly accelerate these electrons,
in LXe they move at a constant average velocity due to their interactions with the
xenon atoms. From the time difference between both signals the z−coordinate of
an interaction can be reconstructed if the drift velocity vd of the electrons is known.
Its dependence on the strength of the applied drift field is, therefore, an important
input for the event reconstruction in such detectors.
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In this section, two measurements of the electron drift velocity are presented using
the HeXe setup. The first one was done with electrons produced in the interaction of
alpha particles from the 222Rn source in an electric field range between 7.4V/cm up
to 1 642V/cm and at a LXe temperature of (174.4±0.2)K. Its results are found to be
in agreement with a second measurement at a similar temperature which uses events
from the decay of 83mKr and covers a field range from 13.5V/cm to 1 245V/cm. The
low field regime (< 100V/cm) has been emphasized in both measurements by a more
narrow spacing between the investigated field values in that region.

7.1.1 Method to determine drift velocity

The drift velocity is extracted by dividing the geometric distance ∆z between the
cathode and gate electrode by the time ∆t which the electrons need to drift between
both electrodes:

vd =
∆z

∆t
=
|zcathode − zgate|
|tcathode − tgate|

. (7.1)

From the design of the HeXe TPC, the distance between both electrodes at room
temperature amounts to ∆zRT = (50.0± 0.3) mm, with the uncertainty being from
the machining precision according to the DIN ISO 2768-m norm [233]. At the liquid
xenon temperature, this distance is slightly less because of the thermal contraction
of the components. Using the (linear) thermal expansion coefficient for polytetraflu-
oroethylene (PTFE) of αPTFE = (113± 3)× 10−6 1/K as reported in [234], the drift
length in the cold state can be calculated to be

∆zLXe = ∆zRT · (1− αptfe ·∆T ) = (49.3± 0.3)mm. (7.2)

For stainless steel, thermal contraction is much lower (αsteel ≈ 10× 10−6 1/K) [235],
and can therefore be neglected.
The different methods by which the drift duration of the electrons between both

electrodes is measured are explained in the two following paragraphs.

Identification of electrodes using alpha events

The bright S1 scintillation pulses that are produced by the interaction of the al-
pha particles lead to the release of electrons from the stainless steel surfaces of the
electrode meshes via the photoelectric effect. These electrons are released in time
coincidence with the S1 signal. They then drift towards the extraction and ampli-
fication region where they produce small S2 signals. As shown in figure 7.1, both
electrodes show up as clear peaks in the drift time distribution of S2 signals with
areas less than 25 photoelectrons (PE). Shown in the insets are the enlarged regions
close to the gate (left) and cathode (right) electrodes. The position of the gate elec-
trode is estimated by fitting the data with a Gaussian function. For the cathode, a
Gaussian function can be used only for fields larger than 17V/cm, while for smaller
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7.1 Measurements of the drift velocity in liquid xenon

Figure 7.1: Identification of
high-voltage electrodes in the
HeXe setup using data from
alpha interactions. Electrons
are released from the stain-
less steel surfaces of the elec-
trodes by the photoelectric ef-
fect, causing an accumulation
of events at their positions.
The insets show zoomed-in
versions of the histogram for
the gate region (left) and the
cathode region (right). Fig-
ure published in [P2].
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fields the position is determined using the mirrored Crystal-Ball (CB) function as
defined in the appendix (see equationD.2). Both fits are repeated 20 times while
the bounds of the fit region are varied within [±1σ, ...± 2σ]. The uncertainty of the
electrode positions is determined from the maximum variation of the fitted mean
values.

Identification of electrodes in 83mKr data

Due to the lower decay energy of 83mKr, the S1 signals from these events are less
bright and therefore the photoelectric effect is less pronounced. The time positions
of the electrodes are therefore extracted differently in this case. To select good 83mKr
events, their characteristic decay signature and the distribution of scintillation light
among both PMTs is used (see also section 7.2.1). The upper-left panel of figure 7.2
shows the distribution of events for the full drift region of the HeXe TPC. Since
less electrons can be drifted upwards from below the cathode electrode, its position
coincides with a steep decrease of the event rate, as indicated by the red line. As
has been done in e.g. [236], this point is determined using the (negative) derivative
of the event distribution, which is shown in the lower-left panel of figure 7.2. The
peak position is then determined using the TSpectrum class [237] of the ROOT data
analysis framework [238].
In the right panel of figure 7.2, the S2 area of 83mKr events from the top part of the

detector is shown. The S2 signal is strongly correlated with the electric field at the
interaction site (see section 7.2). As can be seen from figure 5.11, the electric field
in the LXe strongly increases at the transition between drift and extraction region.
This transition is also visible in the mean S2 size (pink data points), which is fit by
an appropriately scaled sigmoid function (cyan line) as defined in appendixD.2. The
position of the gate electrode is inferred from the inflection point of this function
and its uncertainty is taken from the statistical uncertainty of the fit.
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Figure 7.2: Method for electrode identification in data acquired with the 83mKr source for a drift
field of approximately 425V/cm. Left: Event rate distribution (top) and its negative derivative
(bottom). The cathode position is determined by the steep decrease of the event rate (red line).
Right: The position of the gate electrode is determined via the decrease of the S2-size due to the
different electric fields in the drift region and the region above the gate electrode.

7.1.2 Results and comparison with literature data

With the electrode times as derived above, the drift velocity is computed for each
applied drift field using equation 7.1. Figure 7.3 shows the resulting data obtained
from alpha interactions using the 222Rn source. Note that for the electron drift ve-

Figure 7.3: Drift velocity of
electrons in liquid xenon as a
function of applied drift field.
Liquid xenon temperature of
174.4K. A comparison with
the drift velocity determined
using the 83mKr data is shown
in figure 7.5. Figure pub-
lished in [P2]. Data is made
publicly available at [239].
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locity only the vertical component Ez of the electric field is relevant and shown on
the x-axis of the figure. The gray error bars indicate the range of the central 68% of
the distribution of this component, as described in section 5.3. An important differ-
ence is that, for the drift velocity measurement, a fiducial volume selection cannot
be applied since the electrons drift through the full height of the TPC. Therefore,
the uncertainty on the field becomes larger. The error on the drift velocity is too
small to be visible in the figure. It includes the variation from the fitting of the
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7.1 Measurements of the drift velocity in liquid xenon

electrode positions as well as the uncertainty on the geometric distance. Further-
more, the measurement of each field has been repeated at different times of the data
taking campaign. For most fields these additional points are however not visible,
as they fall exactly on top of each other. An exception of this is the measurement
at 13V/cm, where the data quality was found to be significantly reduced in one of
the two measurements, possibly related to charge-up following a high voltage (HV)
breakdown.
The dependence of the drift velocity vd as a function of applied drift field Ez is

fit with the phenomenological function

vd(Ez) = A1 · e−E/B1 + A2 · e−E/B2 + C , (7.3)

which is based on the function used in the NEST framework [228]. The result is
indicated by the red line and the values of the fit parameters A1,2, B1,2 and C are
reported together with the ones from the 83mKr data-set in table 7.1. Shown by

Table 7.1: Fit parameters from 222Rn and 83mKr data for the drift
velocity of electrons in liquid xenon. Values are reported together
with their statistical uncertainty. Table published in [P2]

Parameter 83mKr 222Rn Unit

Temperature 173.41± 0.11 174.4± 0.2 K
A1 −1.38± 0.02 −1.458± 0.013

A2 −0.95± 0.13 −0.95± 0.02
mm/µs

B1 38.0± 1.8 34.7± 1.2

B2 1000± 300 830± 70
V/cm

C 2.33± 0.15 2.27± 0.04 mm/µs

the dark gray line is the drift velocity predicted by the NEST [228, 229] simula-
tion framework. Good agreement with the present measurement for fields below
. 700V/cm is found, while for higher fields the NEST model yields significantly
larger drift velocities. Additional drift velocity measurements which were reported
by the EXO-200 [97], XENON100 [150], and XENON1T [108] experiments as well as
from dedicated setups [236, 240–243] are shown for comparison. Though there is
an overall reasonable agreement, the different data sets show systematic differences.
This is not unexpected, since there is a known temperature dependence of the drift
velocity (see e.g. [241]).
A qualitative evaluation of this dependence is illustrated in figure 7.4. It is based

on a combination of the present measurement and the data available from the lit-
erature. For each data set, the drift velocities at six different fields are shown in
different colors. In cases where no measurement is reported at the selected field, a
value is obtained from interpolation between neighboring data points. The dashed
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7. Study of alpha and electron interactions in liquid xenon

Figure 7.4: Electron drift velocity as
function of the LXe temperature for
different drift fields [244]. Shown data
originates from this work as well as from
literature measurements. Figure pub-
lished in [P2].
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lines show a linear fit of the data to visualize the general decrease of the drift veloc-
ity as the LXe temperature increases. This generally agrees with the observations
made in e.g. [243, 245]. The proportionality of the electron mobility (µe = vd/Ez)
with T−2/3 as proposed in [241] however, is found to be incompatible with the steep
increase of the velocity for low temperatures and fields above 600V/cm. Figure 7.4
also shows that the measurements from this work (gray box) close a rather wide tem-
perature gap in the measurements from the literature. Since this roughly coincides
with the LXe temperature in the XENONnT experiment (177K, see section 2.1.3),
they are of special interest.
Figure 7.5 shows a comparison between the drift velocity that has been measured

with the 83mKr source (red N) and the one from 222Rn alpha particles (blue H). For

Figure 7.5: Comparison between
the measured electron drift veloc-
ity in LXe as measured using the
222Rn data (blue H) and the 83mKr
data set (red N). In addition the
prediction of the NEST [228, 229]
simulation framework is shown by
the black line.
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better visibility, the horizontal gray error bars indicating the systematic variation
of the drift field are replaced by the colored bands. The black line indicates again
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7.2 Field dependence of the light and charge yield in LXe

the drift velocity predicted by the NEST simulation framework for the average LXe
temperature of both measurements. Despite the different radioactive sources and
analysis methods, both measurements are found to be in good agreement with each
other.

7.2 Field dependence of the light and charge yield
in LXe

The generation of the scintillation light and ionization charge in LXe is a highly com-
plex process, which has been subject to extensive studies in the past and present [191,
232, 240, 246–248].
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Figure 7.6: Sketch of the anti-
correlation between the charge (S2) and
spontaneous scintillation (S1) signal in
LXe TPCs (highly simplified).

Boiled down to its essential components, the
process can be expressed as sketched in fig-
ure 7.6, with three main channels in which de-
posited energy can be dissipated in the LXe.
First, it can lead to a direct formation of ex-
cited xenon atoms (cyan arrow), which decay
via the formation of excited dimers (Xe∗2). In
the decay, they emit scintillation photons at
a wavelength of 175 nm [55], that can be reg-
istered as the S1 signal by the PMTs. Addi-
tionally, the interactions can lead to the pro-
duction of free electron-ion pairs via ionization
(orange arrow). The electrons can be drifted
away from the interaction site by the applied
electric field and lead to the production of the
S2 signal. If electrons are not removed fast
enough, they can recombine with the xenon
ions (bent arrow), which gives rise to addi-
tional scintillation photons by the formation
of excimers in the recombination process. This recombination process leads to an
anti-correlation between the amount of light (S1) and charge (S2) signal as a func-
tion of the electric field and the ionization density of the interaction. The numbers
of produced scintillation photons nγ and electron-ion pairs ne are related to the
deposited energy Edepos via

Edepos = W · (nγ + ne) . (7.4)

WhereW = 11.5 eV [249, 250] corresponds to the average xenon excitation energy. It
is the mean amount of energy needed to produce a single detectable quantum in the
LXe. This relation neglects the fraction of the interaction energy which is dissipated
as heat via elastic scattering (gray arrow). A more complete account of the xenon
micro physics can be found for example in [251]. In this section, a measurement of
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7. Study of alpha and electron interactions in liquid xenon

the field dependent charge and light response of LXe for alpha particles and electrons
is presented.

7.2.1 Data selection and signal correction

The selection of high-quality events is important for a reliable estimation of the S1
and S2 signals size. For both radioactive sources, different selection criteria and
signal corrections are necessary, which are detailed in the following.

Basic event selection criteria

The large energy of the alpha particles emitted by 222Rn and its decay products,
leads to bright S1 light signals in the LXe. Therefore, these events can be efficiently
selected by requiring an S1 area between 400PE and 1500PE. This rejects the
low-energetic background from beta and gamma interactions (see also figure 7.11).
Furthermore, event pile-up is suppressed by demanding that any secondary S1 needs
to be smaller than 8PE. Following the main S1 peak, at least one S2 peak must be
found in the event, while any secondary S2 peak must be smaller than 250PE. The
latter criterion helps to avoid double scatter events along the z-direction.
High quality events from the decay of 83mKr are best selected by their character-

istic signature of two subsequent S1 signals (see figure 7.7 and example waveform in
figure 5.5). For this, the largest S1 in the event is required to have an area between
40PE and 400PE and needs to be followed by a smaller S1 signal with an area
larger than 20PE and smaller than 200PE. This selection is illustrated in figure 7.7
for 83mKr S1 signals at a field strength of approximately 400V/cm. The smaller

Figure 7.7: Events from the de-
cay of 83mKr in the space of largest
S1 and second-largest S1 at a
median electric field of approx.
400V/cm. The applied criterion
to select the time-coincident dou-
ble S1 topology is indicated by
the dashed red lines. The popula-
tion below the horizontal red line
at values of around 175PE, corre-
sponds to the merged 41.5 keV sig-
nal. Figure published in [P2].
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S1 needs to be then followed by an S2 with an area between 5 kPE and 100 kPE.
Previous studies [252, 253] found that the light yield from the 32.1 keV and 9.4 keV
transition of 83mKr is dependent on the time delay between the two signals. To
avoid this correlation, a minimum time difference between both S1 peaks of 300 ns
is required.
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7.2 Field dependence of the light and charge yield in LXe

For both sources, the relative amount of the S1 light detected by the top PMT
(area fraction top, AFT) is used to reject non-physical events. Such events can
be caused by an incorrect pairing between the S1 and S2 signals. Since the two
transitions of 83mKr events happen at the same location in the detector, it can be
required that the AFT of both S1 signals agrees within ±20%. This is not possible
for radon alpha events, where only accidental matches between S1 signals from below
the cathode and S2 signals out of the drift region can be removed. Due to the opacity
of the cathode electrode, the top PMT typically detects less than 10% of the S1 light
from such events, which is used as the selection threshold. Furthermore, the increase
of the S2 signal width due to the diffusion of the electron cloud during the drift is
used as a selection criterion (see also left panels in the fourth row of figure 5.11).
Good events are selected from the central 80% of the drift time dependent width
distribution.
At very low fields (E < 20V/cm), a slight increase of the data quality with time

is found. This manifests by an increase of the resolution in the cathode position, as
well as an increased statistics in the radon events. Therefore, only the second half
of the measured intervals are considered for fields below 60V/cm.

Fiducial volume selection

Two additional criteria are applied to constrain the possible locations of events to the
central part of the detector (fiducial volume), where the electric field is most homo-
geneous. For the z-coordinate, this is done via the drift time and the field-dependent
drift velocity as determined in section 7.1. From the full drift length of 50mm, only
the interval between 10mm<z<35mm is selected. Systematic effects due to this
choice are evaluated by repeating the analysis in the upper (10mm<z<22.5mm)
and lower (22.5mm<z<35mm) half of that volume.
Though the x- and y-position of the events cannot be reconstructed in the HeXe

TPC, an approximate radial selection is still possible. This is done via the S2 AFT
value, which features a characteristic double-peak structure as illustrated in the right
panel of figure 7.8. It is caused by the small inclined PTFE pieces used to fix the
PMTs as well as a wedge located at the outer radius of the detector (see figure 5.11).
They lead to a reduced AFT value for S2 signals produced at large radii.
This has been confirmed using the optical detector simulation detailed in [186] as is

illustrated in the left panel of figure 7.8. It can be seen that events from the center of
the TPC (r2.2 cm2) feature large S2 AFT values, while it is significantly decreased
for the ones at large radii (&6 cm2). From the simulation it becomes evident, that
a projection of the events onto the S2 AFT axis leads to a similar double-peak
distribution as is observed in data (right panel of figure 7.8). Note, however, that
the comparison is qualitative only, as the optical parameters, for example the PTFE
reflectivity, have not been matched between the simulation and the detector. The
required minimum S2 AFT value of 0.565 for the events is indicated by a dashed red
line in the right panel of figure 7.8. Possible systematic effects from this criterion
are evaluated by variation of this value within the range of 0.555 to 0.575.
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Figure 7.8: Qualitative comparison between the S2 area fraction top (AFT) distribution in simu-
lation (left) and data (right). Left: Expected correlation between the AFT of S2 events and their
radial position extracted from the optical simulation [254]. Right: Observed AFT distribution for
S2 events from 222Rn alphas. The dashed red line indicates the required minimum value of the
area fraction top as used for this study.

Correction of light and charge signals

Both the S1 scintillation and the S2 charge signal show a clear dependence on the
interaction position inside the detector. These are caused by geometry-dependent
differences in the light collection efficiency (LCE) for the scintillation photons (S1),
as well as the attachment of electrons (S2) to electronegative impurities during their
drift (see e.g. [255] for further details). In order to increase the resolution of both,
these dependencies need to be corrected for.

5 10 15 20 25 30 35 40 45
z-coordinate [mm]

60

80

100

120

140

160

180

200

220

240

260

280

S
1 

T
op

 a
re

a 
[P

E
]

0

10

20

30

40

50

60

5 10 15 20 25 30 35 40 45
z-coordinate [mm]

200

400

600

800

1000

1200

S
1 

B
ot

to
m

 a
re

a 
[P

E
]

0

20

40

60

80

100

Figure 7.9: Depth dependence of the S1 scintillation signal of alpha particles at a field of 420V/cm.
The amount of detected light by the top PMT (left) and the bottom PMT (right) are corrected
separately by fitting the mean profile of each distribution (orange markers) within the fiducial
volume (vertical dashed black lines).

Figure 7.9 shows the dependence of the detected S1 scintillation signal for the top
(left) and bottom (right) PMT on the depths (z-coordinate) of the event. The data
corresponds to interactions of alpha particles at an electric field of 420V/cm. For
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7.2 Field dependence of the light and charge yield in LXe

both PMTs the mean profile of the distribution is determined and fit by a quadratic
function. The fit range is constrained to the size of the fiducial volume as indicated
by the vertical black lines. These functions are then used to correct the S1 signal
sizes detected by both PMTs relative to their value in the center of the detector.
Since this correction accounts for a geometric effect, it needs to be derived only once
and can be applied to all field intervals alike. Note, however, that a separate S1
corrections is required for the measurement using 83mKr, because the LCE is changed
due to the presence of the PTFE attenuators needed for the 222Rn measurement.

The attachment of electrons to electronegative impurities causes the S2 signal size
to decrease exponentially as a function of the drift time (z-coordinate). Figure 7.10
shows the natural logarithm of the S2 area from alpha events at an applied elec-
tric field of 420V/cm as a function of the z-coordinate. The logarithm turns the

Figure 7.10: Depth dependence
of the (natural) logarithm of the
S2 charge signal from alpha in-
teractions for a field of 420V/cm.
The decrease is due to attachment
of electrons to electronegative im-
purities in the xenon during the
drift. It is corrected for by fitting
the median profile of the distribu-
tion (orange markers) with a linear
function (red line). The fit range is
constrained to the fiducial volume
as indicated by the vertical black
dashed lines. 5 10 15 20 25 30 35 40 45
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exponential decrease into a linear one, in which the slope is proportional to the re-
ciprocal of the electron lifetime in the LXe. It can be determined from the fit of the
median profile of the distribution (orange markers) with a linear function (red line).
The fit range is constrained to the size of the fiducial volume used in the analysis
(vertical black lines). This function is then used to correct the detected S2 area to
the expected value at the top of the TPC.

Unlike the S1 correction, this correction is subject to changes throughout the
data taking period. First, the electron attachment rate dependents on the electron
energy, which in turn depends on their velocity and therefore on the applied electric
field [2, 57]. This makes it necessary to derive the correction for each field interval
separately. Additionally, the continuous purification introduces a time variation of
the impurity concentration in the LXe. However, since this change is below the
percent level during the four hours in which each field has been measured its effect
can be neglected.
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7. Study of alpha and electron interactions in liquid xenon

Signal size estimation

For each of the measured fields, the average size of the corrected S1 (cS1) and
S2 (cS2) signal needs to be determined. In case of the alpha interactions from
222Rn, 218Po, and 214Po, this is done as is shown in figure 7.11. Populations of all

Figure 7.11: Corrected charge
(cS2) and light (cS1) signal sizes
for alpha events from 222Rn, 218Po
and 214Po for a median electric
field of 1.24 kV/cm. The pink
markers ( ) indicate the mean po-
sition for each isotope as deter-
mined from the fit of the data
(black contours). A linear fit of
the three mean positions is indi-
cated by the dashed red line. Fig-
ure published in [P2].
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three isotopes can be distinguished based on their position in cS1 and cS2. Their
determined mean positions are derived from a fit to the data using the sum of
three individual two-dimensional Gaussian functions. It should be noted, that the
expected anti-correlation between the cS1 and cS2 due to the recombination is not
observed within the resolution of the detector. Most likely this is owed to the high
recombination fraction caused by the high ionization density of the alpha particles.
The average resolution, defined as the standard deviation divided by the mean, is
found to be 5% for cS1 and cS2 from alpha particles at a field of 1.2 kV/cm. While
the S1 resolution is constant as a function of the electric field, the S2 resolution is
found to get slightly worse as the field decreases.
Furthermore, the rate of 214Po is found to be strongly suppressed with respect to

the other two isotopes. This is caused by plate-out of the positively charged radon
daughters [97, 214] onto the cathode or other detector components. A significant
overlap between 222Rn and 218Po is visible, which makes both populations indistin-
guishable for electric fields lower than 70V/cm. This is mainly due to the reduced
S2 size and therefore worsened resolution, requiring to fit the combination of both
lines using a single 2D Gaussian with a correlation term. A bias of about 4% is
arising from this combined fit, which is corrected for.
For 83mKr, the corrected S1 signal sizes of the 9.4 keV and 32.1 keV transitions

can be measured separately using a two dimensional Gaussian fit to the distribution
of events similar to the one shown in figure 7.7. However, their S2 signals typically
feature a large overlap. Therefore, they are treated as originating from a single
41.5 keV transition and a Gaussian function is fit to them. At an electric field of
1.2 kV/cm, the S1 resolution of the 9.4 keV and 32.1 keV line are found to be 29%
and 20% respectively, while the S2 signals show a resolution of 19%.
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7.2 Field dependence of the light and charge yield in LXe

7.2.2 Normalization and field dependence of charge and light
yields

Changes of the light and charge signal in LXe can be expressed most universally when
they are normalized. Their dependence with the electric field E is then explained
by the phenomenological model proposed by Thomas and Imel [256]. This model is
modified as done in [191] and given by:

L(E)

L(0)
,
Q(E)

Q0

= a1 · a2 · E · ln
(

1 +
1

a2 · E

)
+ a3 , (7.5)

with L(E) and Q(E) being the field dependent light and charge yields which are
normalized using L(0) and Q0. The methods used to derive the normalization con-
stants will be introduced first, followed by a discussion of the results obtained from
the 83mKr and 222Rn data.

Normalization of charge and light yields

The normalization constant for the charge yield can be derived via the observed
anti-correlation between the charge and light signal, using a similar method as is
applied in [191]. Figure 7.12 shows the relation between the observed charge and light
yields for the combined 41.5 keV transition and for 222Rn and 218Po alpha particles,
acquired at various electric field values. Note that the scales from both panels cannot
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and 218Po (blue) in the inset. For the alpha data, only points for a drift field higher than 70V/cm
are shown. For better visibility, the data from 214Po is left out. Additionally the estimated axis
intersections Q0 and L0, as well as the value of L(0) obtained from extrapolation of the light yield
(see figure 7.13) are shown. Figure published in [P2].

be compared directly due to the PTFE attenuators used for the alpha measurement,
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which affect the LCE. Furthermore, the overall high recombination fraction in the
alpha tracks requires the x-axis to be strongly zoomed-in. Since the quality of the
alpha data set is significantly better for fields larger than 70V/cm, only these points
are shown and used for determining the normalization. A systematic shift of about
1% between the data points obtained from 222Rn and 218Po is visible. It might
introduced by the used fit method, shown in figure 7.11 or from a physical origin
such as a different ionization density due to the different decay energies of both
isotopes. Since the normalization constants are derived for each isotope separately,
its subsequent influence is canceled out.
As stated in equation 7.4, the sum of produced electrons and photons is modeled

as constant. Therefore, the data points acquired at different fields are fit using the
linear function

Q(E) = Q0 −
Q0

L0

· L(E) . (7.6)

By extrapolation of the function to its intersection with the charge yield axis, the
value of Q0 is derived. It can be understood as the maximum possible value for the
charge yield if the total energy were to be converted into electron-ion pairs only.
Note, that even if an infinitely strong electric field could be applied, the charge yield
would still be diminished by the amount of energy converted by direct excitation
of the medium. Similarly, L0 is defined by the intersection of the linear fit with
the horizontal axis and describes the theoretical maximum value of the light yield.
However, some of the produced electrons will evade recombination even if no electric
field is applied. This reduces the light yield at zero field (L(0)) with respect to L0,
as indicated by the pink line in figure 7.12. The value of L(0) is determined by
extrapolation of the detected S1 signal to zero field using equation 7.5. It is found
to be smaller by about 10% compared to L0, therefore it can be concluded, that the
charge recombination at zero field is (90± 2)%.
The measured charge yield values are then normalized by Q0. For the light yield

of the two individual transitions of the 83mKr source L(0) is chosen for the normal-
ization, whereas the light yield of radon alphas is normalized by their respective
value of L0. In both cases, the uncertainty of the normalization arising from the
respective extrapolation is treated as a systematic uncertainty and propagated to
the results which are discussed next.

Field dependence of charge and light yield from electron interactions

Figure 7.13 shows the field dependence of the normalized light yield of the 9.4 keV
and 32.1 keV 83mKr transitions and of the normalized charge yield from the combined
41.5 keV signal. The presented measurement includes several values at fields below
200V/cm, which have not been measured systematically before. The data agrees
well with the phenomenological fit function introduced in equation 7.5. Best fit
values for the three model parameters a1, a2 and a3 are reported in table 7.2. For
the light yield of the 9.4 keV and 32.1 keV transition, the parameter a3 has been
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with the modified Thomas-Imel box model introduced in equation 7.5 (black dashed lines). Data
available in [239]. Figure published in [P2].

fixed to one, due to the extrapolation used to determine L(0).

Table 7.2: Parameters and their statistical uncertainties extracted from
the fit of the normalized light and charge yield dependencies of the 83mKr
transitions shown in figure 7.13. They correspond to the parameters of
the modified Thomas-Imel model given in equation 7.5. Table published
in [P2].

Transition a1 a2 [cm/kV] a3

9.4 keV −1.0± 0.3 0.06± 0.03 1 (fixed)
32.1 keV −0.443± 0.011 1.41± 0.10 1 (fixed)
41.5 keV 0.375± 0.008 1.11± 0.11 0.091± 0.004

For comparison, figure 7.13 also shows the measurements reported in Manalaysay
et al. [191] and Baudis et al. [236]. The absolute yields reported in the latter have
been converted to the normalization used here. This is done by estimating values for
Q0 and L0 based on the information provided in [236] in combination with their val-
ues of g1 and g2. Finally, the light yields are scaled using the recombination fraction
at zero field estimated above. Furthermore, the charge yield values reported in [191],
have been scaled by 0.943 to match the definition of Q0 used in this work. The shape
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of the charge yield dependence from the combined 41.5 keV signal agrees well with
the measurements from literature, with the values from this work being about 8%
lower. Also, the light yield dependence shows a similarly good agreement for fields
above 400V/cm, with the present values being roughly 5% larger on average. For
lower fields, the shape differs slightly from the one reported in [191], especially for
the 9.4 keV signal.
From figure 7.13 it can be seen, that the light yield of the 9.4 keV line features a

reduced dependence on the electric field when compared to the 32.1 keV transition.
This difference is due to the reduced recombination probability for electronic recoils
(ERs) with energies .10 keV, when compared to ERs of higher energy (see also [228,
257]). Due to this, the ratio between the two S1 signals is sensitive to the local
electric field in the detector. Since the half-life of the intermediate state is only
154 ns [192], light from both transitions is emitted from the same position in the
detector. Therefore, this ratio is a very attractive probe for the magnitude and
variation of the electric field in large-scale detectors as reported, for example, in [258].
Figure 7.14 shows the field dependence of the ratio between the light yields (PE/keV)

of both 83mKr transitions. The ratio follows a single exponential function with a con-
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Figure 7.14: Field dependence of the light yield ratio between both 83mKr transitions. Data from
this work (•, red) are compared to the data reported in [253] (purple, ), as well as to the prediction
made by the NEST [228, 229] framework (blue line). The shaded blue region corresponds to the
predicted spread due to different time separations (∆t > 300 ns) of the two 83mKr transitions. A
fit of the measured dependence with the model from equation 7.7 is shown by the black dashed
line. Data available at [239]. Figure published in [P2].

stant offset:

R(E) =
LY (32 keV)

LY (9 keV)
= b1 · e−b2·E + b3 . (7.7)

This function is fit to the data and the values for b1 = 0.156 ± 0.012, b2 = (6.6 ±
1.1) cm/kV, and b3 = 0.723 ± 0.004 are obtained. The ratio predicted by the
NEST [228, 229] simulation framework is shown for comparison. Additionally, the
data reported in [253] is shown, where the same requirement of ∆t > 300ns as ap-
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plied in this work has been used. For both, a good agreement is found for fields lower
than approximately 500V/cm, where the ratio predicted from NEST is higher by
only 2%. For larger electric fields, however, the data from this work indicates that
the ratio stays constant at the value of b3 = 0.723± 0.004, which is in contradiction
to the decrease observed in [253] and predicted by NEST.

Field dependence of charge and light yield of alpha particles

Compared to low energy electrons, alpha particles feature a much higher energy
loss (dE/dx) in LXe, which leads to an increased ionization density along their
tracks. Therefore, the degree of charge recombination is typically very large, which
results in a low charge signal when compared to electrons or photons with the same
energy [229]. The measured field dependence of the charge and light yield of alpha
particles emitted by 222Rn and its decay products is shown in figure 7.15. Note that
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Figure 7.15: Field dependence of the normalized charge and light yield of alpha particles in LXe.
Data acquired in this work (•) is compared to the published results from Aprile et al. [231, 232]
( ). Systematic uncertainties are indicated by gray error bars. The y-axis is split for a better
visualization of the small relative changes in the normalized yields. Data points available at [239].
Figure published in [P2].

the absolute value of the charge yield increases by a factor of 17 over the field range
from 10V/cm (1‰) to 1.6 kV/cm (1.7%). As discussed in section 7.2.1, the lines of
222Rn and 218Po are resolved separately only for fields above 70V/cm. Therefore,
only the yield of 222Rn is shown for lower fields.
The uncertainties of the electric field strength (too small to be visible in the figure),

correspond to the range of the central 68% of the field distribution in the fiducial
volume as described in section 5.3. The uncertainty on the normalized yields contains
the statistical uncertainty (vertical colored bars), as well as a systematic uncertainty
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(vertical gray bars). The latter reflects the uncertainty related to the normalization
constant, as well as the one estimated by variation of the event selection criteria (see
section 7.2.1). The dominant contribution to the uncertainty of the charge yield is
due to the long lever arm required to determine Q0 as shown in figure 7.12, while
the light yield is mostly affected by the variation of the analysis parameters.
Though the LXe temperature and pressure inside the cryostat were stable within

1% throughout the measurement (see figure 5.4), possible time-varying detector ef-
fects need to be controlled for. This was realized by a particular arrangement of the
measured fields into five individual field scans, combined with intermediate mea-
surements of a reference field of 400V/cm. Additionally, the full measurement was
repeated such that all fields are measured at least twice. Figure 7.16 shows the
time evolution of the scintillation light yield of 222Rn evaluated from the reference
measurements. The values are scattering within 0.3% from their mean value, which

Figure 7.16: Time stability of the
222Rn light yield evaluated from
regular reference measurements at
a field of 400V/cm. The slight in-
crease as indicated by the dashed
line is attributed to the xenon pu-
rification.
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is small compared to uncertainty attributed to the choice of the analysis parame-
ters. Therefore, the slight linear increase, which is likely caused by the continuous
purification of the xenon, can be neglected.
Figure 7.15 additionally shows the data reported in Aprile et al. [231, 232] for com-

parison. Given the systematic uncertainties of the light yield, both measurements
are in agreement for fields & 70V/cm, while the normalized light yield found in
this study exceeds values of one for lower fields. It is explained by the electric field
leakage between the extraction and drift region of the detector. This lessens the
efficiency of the globally defined light yield correction at low fields. Therefore, these
fields are not taken into account for the normalization shown in figure 7.12.
To compare the charge yield values, the data from [231] needs to scaled such,

that its normalization agrees with the one used in this work. The charge signal
in [231] is normalized using the ionization energy Wi = 15.6 eV needed to produce
an electron-ion pair in LXe. For this work, the normalization is derived using the
simultaneous detection of charge and light, therefore relating to the average xenon
excitation energy W = 11.5 eV [249, 250]. The literature values therefore need to
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be multiplied by W/Wi. Still, the data from this work is found to be significantly
lower and shows a slight flattening for fields above 1.3 kV/cm. Possible reasons for
this discrepancy are discussed in the following.
In [231], a LXe temperature of 195K is stated, which is about 20K higher com-

pared to this work. Therefore, a difference of 5.1% in the LXe density can be as-
sumed [95], which results in different ionization densities of the alpha particles. The
higher ionization density in this work should lead to enhanced charge recombination
and, subsequently, to a lower charge yield.
Another important difference is the distribution of the radioactive sources within

the setups. The sources employed in [231, 232] have been deposited directly on
the cathode, while in this work the source is homogeneously distributed in the
detector. In the latter case, alpha particles emitted under all possible angles can
be detected, while only the ones going in the upwards direction can be seen in [231,
232]. A slightly reduced charge yield is expected for tracks which are vertically
aligned relative to the electric field (see also [231]). Since electrons produced in
the lower region of the track need to drift through the upper region of the track,
they have a higher probability for recombination due to the high ionization density.
Therefore, these tracks are expected to feature a slightly lower charge yield with
respect to horizontally aligned tracks. Additionally, order of 100 keV of the energy
released in the alpha decay are carried away by the daughter nucleus, which recoils
in the opposite direction of the alpha particle. While in this work the sum of both
interactions is detected, the recoiling nucleus is absorbed by the cathode electrode
and therefore evades detection in [231, 232].
Using a homogeneous source allows to define a fiducial volume, in which the field

and its uncertainty are well known from the detailed 3D field simulation introduced
in section 5.3, while the local field close to the cathode surface might be enhanced
due to surface irregularities. Though this has been considered in [231, 232] and was
mitigated by polishing of the cathode surface, a slight influence might remain.

7.3 Summary and discussion

Measurements of the electron drift velocity and the charge and light response of
LXe to interactions from alpha particles and electrons have been carried out using
the HeXe TPC. Their field dependence has been studied over an extended range
of electric fields between 8V/cm and 1.64 kV/cm, with a special emphasis on the
regime of low fields. This regime is of particular interest for current and future
large-scale LXe experiments. The data is made publicly available [239] to ease its
incorporation into upcoming versions of simulation frameworks such as for example
NEST. This could help to improve the simulation and reconstruction accuracy in
LXe detectors.
For the drift velocity, a good agreement with values reported in literature is found.

Systematic differences are attributed to the temperature dependence of the drift ve-
locity, which has been evaluated qualitatively by combining the measurements in this
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work with data from literature [P2]. For drift fields below approximately 700V/cm,
good agreement with the NEST [228, 229] simulation framework is observed. In the
regime of higher fields, velocities predicted by NEST are significantly larger with
respect to the ones measured here. Currently NEST models the electron drift ve-
locity only via a phenomenological formula which is interpolated for different LXe
temperatures. Implementing a physical model that is validated on the available data
would be a great improvement.
For the light and charge yield of low energy electrons, the data is found to agree

with the model proposed by Thomas and Imel [256] and modified as in [191]. The
comparison with literature measurements [191, 236] also shows a reasonable agree-
ment. Additionally, the field dependence of the light yield ratio between both 83mKr
transitions has been evaluated. This data can readily be applied to probe the electric
field in large-scale detectors (see e.g. [258]).
The variation of the normalized light and charge yield from 222Rn-induced alpha

particles is found to be very small over the investigated field range. This is expected
from the high recombination fraction in these tracks due to their high ionization den-
sity. While for the light yield a comparable dependence to the one reported in [232]
is found, the charge yield differs significantly from the one reported in [231]. Though
the exact cause remains unknown, possible reasons are discussed. They include dif-
ferences in the analysis methods as well as in the used experimental approaches.
This discrepancy should be clarified in a future measurement. Such a measurement
would greatly profit from the evaluation of the S2 size produced by a single electron
(single electron gain). This would allow to use the same normalization procedure as
done in Aprile et al. [231], in order to exclude a bias from the normalization. Such
an evaluation was unattainable in this work due to the used PTFE attenuators.
Given the small change of the light yield it would be also beneficial to extend the
investigated field range to also include higher electric fields. This would help to
better derive the normalization via the anti-correlation between charge and light
signal. Furthermore, it would clarify the slight flattening in the charge yield trend
that has been observed for fields above 1.3 kV/cm.

138



Summary

Striking evidence was gathered over the past decades, which proofs that the majority
of the matter in our universe exists in the form of dark matter (DM). These indica-
tions cover many scales, ranging from galaxy rotation curves over collisions of galaxy
clusters up to the large-scale structure in the universe and the temperature fluctua-
tions imprinted in the cosmic microwave background (CMB). Despite its dominant
role, only very little is known about the nature of DM. Many experimental searches
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are set out to clarify this urgent question. Among them is the recently commis-
sioned XENONnT experiment [6] introduced in section 1.2. It belongs to the latest
generation of experiments endeavoring the direct detection of DM in a dual-phase
xenon time projection chamber (TPC).

The background of the XENONnT detector is expected to be dominated by de-
cays of 222Rn emanated from detector materials. In chapter 2, a first measurement
of this important background is presented. For this a dedicated S1-only analysis
was developed, to cope with the challenging detector conditions during its commis-
sioning phase. A baseline radon concentration of

(
3.6 +0.7

−0.3

)
µBq/kg is found, which

is about 15% lower than the one predicted by the radon measurement campaign
reported in [70]. This result is confirmed on an order of magnitude level by the in-
dependent analysis carried out in the nitrogen-filled detector detailed in section 2.2.
Furthermore, the performance of the new radon removal system has been evaluated.
The gaseous xenon (GXe) distillation mode of this system which was also applied
during the first scientific data-taking campaign, allows to reach a 222Rn concentra-
tion of slightly less than 2µBq/kg. Usage of the system’s additional liquid xenon
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(LXe) distillation mode, showed the potential to even slightly surpass the ambitious
design goal of 1µBq/kg [6]. To meet the high requirements on the chemical purity
of the xenon, the experiment is the first large-scale LXe experiment to employ a
liquid purification plant. In this work, the radon release of both filter types that can
be used with this plant has been measured. As expected, the high-efficiency filter
showed a prohibitively high emanation radon rate for its use during scientific data
taking. It has been used to purify the bulk of the xenon inventory, and was then
replaced by a filter with low-radon emanation. The analysis showed no significant
radon release from this filter, while it proved to be capable of maintaining the high
xenon purity.

Despite the promising results obtained with the radon removal unit in XENONnT,
future detectors such as DARWIN [39] will require even further reductions in their
222Rn concentration (see section 1.3). Achieving this goal will require a combina-
tion of established and novel methods for radon mitigation. For both of them, the
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availability of reliable sources of radon emanation is a necessary ingredient. A new
approach for the production of radon sources by implantation of radium into stain-
less steel has been explored and is described in chapter 3. For this, two samples that
have been implanted with approximately 8Bq of 226Ra at the ISOLDE facility [71],
have been thoroughly characterized in this work. The amount of implanted activity
has been confirmed by HPGe and alpha spectrometry (sec. 3.1.2) and the available
222Rn emanation was measured to be roughly 2Bq for both samples. The emana-
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tion fraction of roughly 25% is in good agreement with a recoil-dominated emanation
process as shown in section 3.3, which is further confirmed by the absence of a tem-
perature dependence of the emanation. Additionally, 220Rn emanating samples have
been produced by implantation of 224Ra utilizing the recoil from the alpha decay of
228Th. The short half-life of the implanted activity as well as of the emanated radon
isotope, limits the usability of these samples. On the other hand, they can be more
easily obtained using a home-made implantation setup. Both types of samples have
been applied to study a novel method of radon mitigation using surface coatings.

Such coatings bear great potential to mitigate the radon-induced background in
future large-scale LXe experiments. Building on the experience of past investiga-
tions [71, 126, 148, 149], the so-far most promising deposition technique has been
identified to be electrochemical plating (ECP) of copper at a surface current den-
sity of 10mA/cm2. While past studies were mostly limited to the investigation of
220Rn emanation from tungsten surfaces, with the coating procedure introduced in
section 4.2 this method could be applied to the radium implanted stainless steel sam-
ples. This allowed for the first time to measure the 222Rn reduction on a realistic
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sample. A reduction by more than three orders of magnitude is obtained, which
clearly exceeds the requirement of a future large-scale experiment. Still, there are
several challenges of this technique which remain to be addressed in the future. Be-
sides the up-scaling of the setup and guaranteeing the radio purity of the coating
layer, its compatibility with the cryogenic environment and high purity demands of
LXe TPCs needs to be ensured.

The Heidelberg Xenon (HeXe) setup offers an ideal testbed for such a verification.
Its dual-phase xenon TPC with an active mass of 345 grams has been applied for
LXe purity studies already in the past [100, 125]. The detector is introduced in
chapter 5 with a special emphasis on the generation and simulation of its electric
fields. For the latter, a detailed three-dimensional COMSOL Multiphysics® [202]
model has been created. Its evaluation is accelerated considerably by a superposition
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method, allowing for an iterative drift field optimization. Additionally, a software
with an associated graphical user interface (GUI) has been developed to monitor
and control all high voltage (HV) relevant parameters. In this work, the HeXe TPC
was employed to carry out field resolved measurements of the electron drift velocity
as well as of the scintillation and ionization yields of low energy electrons and alpha
particles.

Especially for the measurement of alpha interactions, special polytetrafluoroethy-
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lene (PTFE) light attenuators were necessary to prevent signal saturation. Their
design has been based on the result of a dedicated measurement of the transmittance
of xenon scintillation light by PTFE. This previously unmeasured material property
is also an important input for the reduction of the radiogenic neutron background in
future large-scale LXe detectors. The transmittance has been measured for various
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thicknesses of PTFE in GXe at room temperature as well as in LXe at cryogenic
temperatures. Both results are found to be compatible within their uncertainties
and are reported in chapter 6 as well as in [P1]. Furthermore, they are compatible
with the result of an independent study reported in [63].

For the measurements of the scintillation and ionization yields, electrons from
83mKr and alphas from the decay of 222Rn and its decay products have been used.
Particularly for the interactions of alpha particles in LXe, only very few measurement
are reported in the literature. Additionally, the drift velocity of electrons in LXe has
been measured. The results show good agreement with past studies, except for the
alpha particle charge yield, which is found to be significantly lower. Possible reasons
for the discrepancy are discussed in detail in section 7.2.2. The measurements have
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been carried out over an extended field range between 8V/cm and 1.64 kV/cm, with
a special emphasis put on fields . 100V/cm. Despite the relevance of this low
field regime for current and future large-scale detectors, it is not well covered in the
literature. Therefore, the measurements presented in chapter 7, are an important
contribution to improve the modeling and reconstruction in such experiments. The
results from this chapter have also been published in [P2] and the data has been
made publicly available [239].
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C Further models of the emanation
fraction due to recoil

A simplified model describing the radon emanation fraction of radium implanted
samples is discussed in section 3.3. In this linear model, the simplifying assumption
is made, that the all implanted radium is concentrated at a specific depth and that all
recoiling radon atoms have exactly the same range in the material. In reality this is
not true and both the depth and recoil range follow certain distributions. Therefore,
this appendix introduces two additional models for the emanation fraction, taking
these distributions into account.

Gaussian implantation and recoil distributions

The “stopping and range of ions in matter” (SRIM) Monte-Carlo code can be used
to simulate the implantation and distribution, as well as the distribution of recoil
ranges. Both are shown in figureC.1, and it can be seen that they roughly follow
normal distribution functions N .

Figure C.1: Expected range distribu-
tions for stainless steel (8.0 g/cm3) as
simulated using SRIM [121]. The sim-
ulated distribution of implanted 226Ra
ions for a 30 keV beam energy is shown
in red with the recoil range of 222Rn in
blue.
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So, the values for the implantation depths z and recoil range r can be treated as
random variables following these probability density functions (PDFs).

pi(z) ∝ N (z;µi, σi)

pr(r) ∝ N (r;µr, σr) . (C.1)

Here pi and pr describe the distribution of implantation depth and recoil range
respectively with µi,r and σi,r being their respective means and standard deviations.
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C. Further models of the emanation fraction due to recoil

For a certain combination of implantation depth z′ and recoil range r′ the emana-
tion fraction can again be computed using equation 3.15 from above. This fraction
now needs to be multiplied by the probability to find a radon atom at depth z′ with a
recoil range of r′. To get the overall emanation fraction all possible values for depth
and range then need to be summed over. The emanation fraction can therefore be
expressed by the double integration over implantation depth and recoil range as:

F =
1

A ·B
·
∫ ∞

0

∫ ∞
0

dr′ dz′ pi(z
′) · pr(r′) ·

{
1−z′/r′

2
, for z′ ≤ r′

0 , else
(C.2)

Remember that the condition z′ ≤ r′ needs to be introduced to prevent the ema-
nation fraction to become nonphysical and negative. This constraint can then be
absorbed by shifting the lower bound of the integration of the recoil distribution
from zero to the value of z′.
Note that both integrations are evaluated only over the positive direction. The

normalization of the normal distribution however is guaranteed when the full range
from −∞ to +∞ is integrated over. Therefore the constants A and B are introduced
to re-scale the result in order to account for the missing probability which falls
outside of the positive z and r direction. They are calculated as

A = 1−
∫ 0

−∞
pi(z

′) dz′ and B = 1−
∫ 0

−∞
pr(r

′) dr′ . (C.3)

The evaluation of equationC.2 is performed numerically using the SciPy library [206]
for Python. For the case of the 226Ra implanted samples the parameters µi,r and
σi,r of the distribution functions can be chosen using the results of the simulation
shown in figureC.1.

µi = 7.9 nm, σi = 2.2 nm

µr = 14.8 nm, σr = 4.4 nm

The resulting emanation fraction for this combination is 21.6% which is very close
to the one estimated using the linear approximation of equation 3.15.
The parameters µi and σi describing the implantation distribution can be varied

in order to evaluate the expected dependence of the emanation fraction on the ra-
tio between the mean implantation depth and mean recoil range µi/µr. For this it
additionally needs to be assumed that the spread of the implantation distribution
σi is proportional to the mean of the implantation µi. This dependence is shown in
figure 3.22. It can be seen that again the emanation fraction approaches a value of
0.5 for very shallow implantations. The emanation fraction then decreases for the
implantation becoming deeper with respect to the mean recoil range following quite
close the dependence of the linear model. As the ratio becomes greater than approx-
imately 0.7, the dependence of this model becomes more flat and only approaches
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zero asymptotically. This is attributed to the tails of the normal distribution due to
which there are always some radium atoms which are closer to the surface than the
mean implantation depth as well some recoiling radon particles with significantly
larger recoil range than the mean recoil distance.

Monte-Carlo method

As can be seen from figureC.1 the simulated implantation and recoil distributions
are slightly skewed and deviate from a normal distribution. The last model therefore
estimates the emanation fraction based directly on the simulation output without
assuming that the profiles follow a normal distribution function.

Figure C.2: Expected energy depen-
dence of the implantation profile for
226Ra ions. Each distribution is shifted
by the amount of incident energy along
the y-axis (colored dashed lines) for
better visibility. The mean of each dis-
tribution is indicated by a black marker.
Simulations done using SRIM [121].
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The implantation and recoil distributions are estimated based on 9000 ions sim-
ulated using SRIM [121]. From the two distributions Ntotal = 106 random pairs of
implantation depth and recoil range are then drawn with replacement. Each pair is
then assigned a random emission angle β following the distribution function:

β = arccos
(
U(0, 1)

)
(C.4)

Where U is the uniform distribution and the sampling is constrained to the forward
direction to save computational cost. For each event this angle is compared to its
critical angle for emanation βcrit (see equation 3.12). The emanation fraction is then
approximately given as the ratio between the number of successfully emanated radon
atoms Nemanated to twice the number of simulated particles.

F ≈ Nemanated

2 ·Ntotal

(C.5)

Where the factor of two accounts for the fact that only angles of β pointing towards
the surface of the sample are considered. The emanation fraction for the 226Ra
implanted samples predicted by this model is 21.4% which is almost identical to the
one of the previous model assuming normal distribution functions.
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C. Further models of the emanation fraction due to recoil

Also for this model the dependence of the emanation fraction with the ratio be-
tween the mean implantation depth and recoil range can be evaluated. For this the
implantation profiles of 226Ra ions at ten different incident energies in the range
between [5, ..., 100] keV have been simulated. A compilation of the resulting profiles
is shown in figureC.2. The resulting histograms for each energy are shown in dif-
ferent colors and offset by the incident ion energy along the y-axis. Black markers
indicate the position of the mean implantation depth for each energy. The recoil
range distribution is held fixed to the distribution resulting from the 86.2 keV recoil
of 222Rn in stainless steel as shown in figureC.1.

Results from both models are compared to the data obtained with the implanted
samples, as well as to the prediction of the linear model in figure 3.22 shown in
section 3.3.
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D Function definitions

D.1 Crystal-Ball function

Standard Crystal-Ball function

The Crystal-Ball (CB) function [124] is a combination of a normal distribution with a
pronounced power-law tailing towards the left-hand side. It can be used, for instance,
to describe processes and spectra where part of the energy evades detection as it is
the case for most alpha spectra which are described in chapter 3.

f(x) = N ·

exp
(
− (x−µ)2

2σ2

)
, for x−µ

σ
> −α(

n
|α|

)n
· exp

(
− |α|

2

2

)
·
(
n
|α| − |α| −

x−µ
σ

)−n
, for x−µ

σ
≤ −α

(D.1)

The parameters µ and σ describe the mean and standard deviation of the normal
distributed right hand side of the function. The parameter α defines the distance
from the peak position µ at which the normal distribution transitions into the left-
hand power-law tail. Alpha is given in units of the standard deviation of the normal
distribution. The slope of the power-law tailing is defined by the parameter n, and
N is the normalization of the function.

Mirrored Crystal-Ball function

This function is introduced to describe the event distribution from events produced
in the cathode region in the Heidelberg Xenon (HeXe) setup as shown in figure 7.1. It
is constructed by mirroring the regular CB (equationD.1) function at an axis going
through the peak position µ. This is done by transformation of the coordinates
x→ −x and µ→ −µ.

f(x) = N ·

exp
(
− (x−µ)2

2σ2

)
, for x−µ

σ
< α(

n
|α|

)n
· exp

(
− |α|

2

2

)
·
(
n
|α| − |α|+

x−µ
σ

)−n
, for x−µ

σ
≥ α

(D.2)

Crystal-Ball function with exponential right flank

For the approximate description of the 212Po alpha emission line it is found to be
necessary to include a tailing towards the right side in addition to the low-energy
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D. Function definitions

tailing (see e.g. figure 3.17). The reason is the coincidence counting due to the short
half-life of 212Po as explained in section 3.2.2. The proposed function is based on the
CB function definition above with an additional section falling off as an exponential
function with constant λ towards the right hand side.

f(x) = N ·


exp (−λ · (x− µ)), for x−µ

σ
≥ α

exp
(
− (x−µ)2

2σ2

)
, for − α < x−µ

σ
< α(

n
|α|

)n
· exp

(
− |α|

2

2

)
·
(
n
|α| − |α| −

x−µ
σ

)−n
, for x−µ

σ
≤ −α

(D.3)

Note that continuity is only given at the intersection towards the left and is not
guaranteed for the transition to the exponential part. Also there was no closed
solution found which preserves the right-hand side intersection to be differentiable.

D.2 Sigmoid function

The drift time position of the gate electrode in the HeXe setup can be determined
from the change in charge yield of 83mKr events. For this the following function is
fit to the distribution shown in the right panel of figure 7.2

A(t) = −2π · A0 · arctan(w · (t− t0)) + c . (D.4)

Where t denotes the drift time and A is the area of the S2 peaks. The amplitude
A0, offset c and width w of the function are determined by the fit, as well as the
estimated position of the transition t0 from which the gate position is inferred.
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