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Untersuchung von Oberflichenreinigungsverfahren zur Entfernung von Radon-
Nachkommen aus PTFE-Oberflaichen und deren Anwendbarkeit in fliissigen Xenon-
Detektoren.:

Die Identifizierung und Reduktion von Untergrundsignalen ist fiir Experimente mit geringen
Ereignisraten von aussenordentlicher Wichtigkeit. Das gilt auch fiir das XENONIT Dunkle
Materie Experiment wo das radioaktive Edelgas Radon und insbesondere dessen Zerfallstochter
die dominanten Untergrundquellen darstellen. Radontochter konnen sich aus der Luft auf der
Oberflache auf allen Detektormaterialien und besonders auf PTFE absetzen. Dieses Polymer wird
zur Begrenzung des Detektors verwendet und steht daher in direktem Kontakt zum sensitiven Tar-
getmaterial des Detektors. In dieser Arbeit werden verschiedene Oberflichenreinigungsverfahren
zur Entfernung von radioaktiven Verunreinigungen von PTFE entwickelt. Mit einem eigens en-
twickelten Versuchsaufbau wird die Reinigungseffizienz und die Anwendbarkeit der Prozeduren
im zukiinftigen XENONnT Detektor untersucht.

Investigation of surface cleaning procedures for the removal of radon daughters from
PTFE surfaces and their applicability in liquid xenon detectors:

Background identification and suppression is of paramount importance for experiments seeking
extremely rare events. Direct dark matter searches such as the XENONI1T experiment fall in
this category. 2**Rn daughters are the dominant contribution to the internal background of the
XENONIT detector. Air contains traces of radon which plates out its progeny onto the surface
of the detector materials, such as the PTFE. This polymer is in direct contact with the sensitive
liquid xenon as it is used to house the detector’s dual-phase time projection chamber. The effects
of surface cleaning procedures to remove surface sources from PTFE are investigated in this work.
With a dedicated experimental setup, we investigate the efficiency of standard surface treatments
and their applicability for XENONI1T and the future upgrade XENONnT.
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1 Dark Matter Searches with XENON

The existence and nature of dark matter constitutes one of the most puzzling enigmas in contem-
porary cosmology and particle physics. Having to account for 25.6% of the total energy content of
the universe [I] and postulated as non-baryonic, non-luminous matter, it falls out of the framework
of the Standard Model of Particle Physics. Nevertheless, its gravitational interaction with photons
and baryonic matter entails the possibility for astrophysicists to trace its abundance and model its
distribution in the cosmos.

One of the most encouraging candidates to meet the features dark matter exhibits is the so-called
Weakly Interacting Massive Particle (WIMP). A whole number of experiments targeting to detect
this hypothetical particle have arisen in the last decades. Direct detection of such particles would
provide a measure of the particle’s mass and cross-section for its interaction with the detector’s
target nuclei. It would also set a positive prove of the ACDM cosmological model. The XENON

experiments seek direct detection of WIMPs and embodies the framework of this study.

1.1 Dark matter detection

Back in 1933, F. Zwicky suggested for the first time the presence of “[...] an enormous density
of dark matter” to explain the unexpectedly high dispersion velocities of individual nebulae in the
Coma cluster [2]. By 1970, Rubin and Ford [3] researched the dependence of rotational velocities v
of the stars in Andromeda on their distance r to the center of the galaxy. They found this relation
to be in contradiction with Keplerian prediction, v oc 7~1/2, at large distances, where the so-called
“rotation curves” reach a plateau. The same effect appears in our own and other galaxies [4]. To
reconcile these observations with theory, astrophysicists put forth the concept of a homogeneous

dark matter halo braided with the luminous matter in the galaxies.

Such halos can be spotted by gravitational lens-

ing. In the context of general relativity, a large grav-
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itational potential deflects the light coming from dis-

tant sources as it follows the geodesic line to an ob-
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server. The mass of the object causing this bending
is directly proportional to the deflection angle, allow-

ing for a mapping of the gravitational potential [6].
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In this fashion, the renamed ‘Bullet Cluster’ provides

6"58M42° 36° 30° 24° 18° 128

a striking indication of the existence of dark matter
[B]. Figurell.1{shows clear displacements of the grav-

itational contours (green) nuclei from the luminous

Figure 1.1: Weak lensing reconstruction of the Bul-
let Cluster potential (green curves) overlapping the
Chandra X-ray emissions corresponding to the bary-
mass (colored gradient). Gravitational lensing dic- onic contribution. Figure extracted from [5].

tates the reconstruction of the green curves in the

figure, whereas the intracluster plasma, conforming most of the baryonic matter, is visible in X-rays.



This distribution is the result of a collision of two subclusters where the plasma is dragged down by
ram pressure, while dark matter crosses unaffectedly. Limits on the cross-section of self-interacting

dark matter (SIDM) can be set from the offset between the dark matter and gas centroids [7].

The content of dark matter in the universe is inferred from the fit of Planck data [I] of the
temperature anisotropies in the cosmic microwave background (CBM) to the ACDM model. This
parametrization of the anisotropies’ power spectrum results into the following relative abundances:
4% baryonic matter, 27% dark matter and 69% dark energy.

Several properties of the standard dark matter particle can be summarized at this point: it
is massive (interacts through gravity), it must not interact via electromagnetic force nor strong
interaction (neutral particle) and it can couple to the electroweak gauge bosons. This rules out
all known particles in the Standard Model except neutrinos. Additionally, it needs to be stable
over cosmological timescales to account for its observed effects in the early Universe. Furthermore,
the role it plays in the structure formation of the universe constrains its thermal velocity to be
non-relativistic [8]. Thus, neutrinos drop out as candidates too.

Dark matter particles must be sought in the language of physics beyond the Standard Model
(BSM). A promising candidate fulfilling the aforementioned requisites is the Weakly Interacting
Massive Particle (WIMP). The so-called “WIMP miracle” strongly supports its candidature. This
is the name given to the agreement of the relic dark matter density as predicted by WIMP models
with that inferred from the observed density [9]. This prediction considers an annihilation cross-
section in the range of the weak interaction coupling and masses in the scale of GeV - TeV, consistent
with the assumption of the dark matter particle as weak-interacting.

The term WIMP encompasses a class of particles which stem from different BSM theories. The
Minimal Supersymmetric Standard Model (MSSM) predicts four Majorana fermions, the neutralinos,
among which the lightest of them (LNP) would be a WIMP candidate. In modern Kaluza-Klein
models, the lightest of the infinitely many partners of the hypercharge gauge boson, B', also falls
in the WIMP category. Other proposed candidates for dark matter particle are the lighter axions
and axion-like particles (ALP), the gravitino in MSSM and sterile neutrinos. For further details on

the existing dark matter candidates, the reader is referred to [9].

Direct detection The three conventional channels of dark matter

X —_— X
detection are sketched in figure [[.2] The signature

of dark matter production via collision of standard
Production Indirect

at colliders detection model particles (PP — xx) is probed as missing
energy in the event reconstruction. However, this
p P approach lacks the capability of proving the stabil-

ity of the dark matter particle. For recent reviews
Figure 1.2: Possible modes of dark matter (x) interac-
tions with Standard Model particles (P) and the corre-

of the searches carried out in the Large Hadron
Collider (LHC) we refer to [11] and [12]. Indirect-

detection-oriented experiments seek for dark mat-

sponding detection strategies. Figure published in [10].



ter possible self-annihilation and decay products in regions of the space where the particle flux would
exceed the expectation. These experiments focus on different products, e.g. IceCube measures solar
neutrinos [I3], H.E.S.S. on ~-rays [14] and PAMELA on positrons and anti-protons [I5].

In the following we concentrate on direct detection as it provides the context of this work. This
method explores the scattering of a WIMP off the target material of an Earth-based detector as
it moves through the galactic dark matter halo. A discovery through this channel would provide
solid evidence of the existence of dark matter independent of the precise coupling mechanism. The
expected interaction is so rare that only single nuclear collisions can be considered sensible signals.
Thus, multiple scattering events are neglected. The differential rate for WIMP-nuclei events per
recoil energy E can be written as [16]:

Vesc
%(E, t) = NTP—X/U % F(v,1) v do. (1.1)

My Jvmin

Two astrophysical parameters appear in equation : the local dark matter density at our
position in the galaxy p,, which takes an approximate value of 0.3 GeV [17] and f(v,t), the WIMP
velocity distribution in the halo. The latter is modeled as an isotropic Maxwell-Boltzmann distribu-
tion [I8] and introduces the two limits of the integral: vmin, the minimal velocity at which the WIMP
can cause a back-scattering, and vesc, the Milky Way escape velocity. The detector size enters into
the equation in terms of the number of target nuclei N and it is directly proportional to the event
rate. The WIMP mass is denoted by m, and depends on the particle model. Finally, the differential
WIMP-nucleus scattering cross-section, do/dE can be decomposed in a spin-dependent (SD) and
spin-independent (SI) part. The former scales with the nuclear total spin J as (J 4 1)/J, while the
latter scales with the nuclear number of the target atom A, as A2, if one assumes isospin conserving
interaction [I0]. This favors heavy nuclei as target material in the spin-independent searches. Hence,
many leading experiments use such materials to maximize the expected event rate. So is the case of

the XENON experiments, featuring a two-phase liquid xenon time projection chamber (TPC).
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Figure 1.3: Top: Current exclusion limits on the spin-independent WIMP-nucleon cross-section
published by various direct detection experiments. Bottom: In dashed lines, expected sensitivities
of the next-generation experiments compared to the best limit placed by the recent XENONI1T 1t-yr

exposure, in solid black line.

If the measured event rate surpasses the background, a signal can be claimed with a certain
significance. On the other side, a recorded rate compatible with the background permits the placing
of exclusion limits. Such limits probe the parameter space of WIMP mass and WIMP-nucleon
interaction cross-section. In figure the most recent limits for spin-independent interaction are
shown (top). The predicted future sensitivities of the next-generation upgrades are shown in the
bottom figure too, including the regions favored by the constrained MSSM and the coherent neutrino
scattering detection floor [19]. For WIMP masses above 6 GeV/c?, the XENONI1T experiment

reports the most stringent cross-section with an upper limit of 4.1 x 107*7 cm? at a mass of 30



GeV/c? [20]. This result improves by a factor ~ 7 the previous dark matter best limits. Following
closely, the LUX and PandaX-II experiments [2I][22] employ liquid xenon as target material as
well. The most stringent limit in the lowest mass range (below 1.6 GeV/c?) is set by the CRESST
collaboration, which detects phonons and light using scintillating calcium tungstate crystals [23]. In
the intermediate range, the search is led by the CDMS collaboration, operating cryogenic germanium

detectors aiming for simultaneous phonon and ionization detection [24].

1.2 The XENON dark matter experiments

Since 2006 the XENON detectors have been seeking WIMPs scattering off the nuclei of the element
after which they are named. Settled in the underground Laboratori Nazionali del Gran Sasso
(LNGS), the detector is shielded from cosmic radiation by 1.4 km of rock, corresponding to 3.4
km of water equivalent [25]. The first detector within a series, XENON10, featured a total mass
of 15 kg and set the design and working principle for its predecessors [26]. The next upgrade,
XENON100, was first deployed in 2009 counting a total mass of about 160 kg and led the dark
matter search placing the most stringent limits of SI and SD WIMP-nucleon interactions at that
moment [27]. In the course of writing, the XENONI1T was recording science data utilizing a total
xenon mass of 3.4 tons. Combining two science runs starting in November 2016, the achievement was
very recently repeated. This thesis was written in the framework of XENONIT and its imminent
upgrade, XENONnNT, with an increased total mass of 8 tons. Therefore, the operation principle of

these detectors is outlined in this section.

1.2.1 Detection principle

The dual-phase time projection chamber (TPC) is the innermost element of the XENON experiments
and contains the liquid xenon (LXe) target as well as the gaseous xenon (GXe) phase on top. Figure
sketches its geometry and working principle. Two arrays of photomultiplier tubes (PMT) each
located at the top and bottom surfaces of the chamber scan the xenon in the volume. When a particle
scatters in the liquid xenon, it emits scintillation photons and ionization electrons. The scintillation
light, referred to as prompt signal or S1, is immediately detected by the PMTs. Meanwhile, the
ionization electrons are drifted upwards by means of the homogeneous electric field Fg4,i. Once
they arrive at the liquid-gas interface, they are pushed through a grounded gate grid by means
of the subsequent stronger extraction field Fextraction and into the gas phase. There, the xenon
atoms produce a second scintillation signal S2, by electroluminescence proportional to the number
of ionization electrons [29]. The S1/S2 ratio is the basic tool for discriminating between collisions
with the xenon nuclei (nuclear recoil) and with electron shell (electronic recoil). The former is
the expected signature of a WIMP event as well as neutrons, while the latter is usually due to
or -radiation. Furthermore, the time lapse between the occurrence of the S1 and S2 signals can
be converted into the vertical position (Z) of the vertex by multiplying it times the electron drift
velocity. Additionally, the XY-position of the vertex is reconstructed from the S2 signal hit pattern

in the top PMT array, leading to a full 3D position reconstruction of each event. This permits
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Figure 1.4: Working principle of the XENON detector. Figure extracted from [28].

the fiducialization of the operating volume, i.e. limiting the science data to a defined inner volume
isolated from background events taking place at the edges of the chamber. This way the self-shielding
properties of xenon are fully utilized to reduce the radiation coming from the surroundings. This

radiation comes from radioactive decays in the detector materials.

Polytetrafluorethylen (PTFE) is used to house the PMTs in the TPC for several reasons: it
efficiently reflects the scintillation light so that the photon collection is maximized [30], it serves as
electrical insulator of the high voltage (~ 10 kV) drift field and it is reasonably radio-pure. However,
exposure to air containing traces of radon or other contaminants can compromise this last feature.
This work deals with strategies for mitigation of such contaminants of PTFE in chapters [3] and
[ In the following section we briefly review the different sources of background affecting both the
nuclear recoil (NR) and the electronic recoil (ER) signals. In chapter [2| we focus our attention on

the background induced by ??2Rn and the methods to mitigate it.

1.2.2 Background sources and reduction strategies

Figure [[.§]illustrates the simulated energy spectra of different sources of background in 1 ton fiducial
volume (FV). The regions of interest (ROI) in the spectra are determined by the expected nuclear
recoil (NR) of a WIMP. This is below 50 keV, which translates in about 12 keV for electronic recoil
(ER) [31]. The dominating source in the NR spectrum comes from radiogenic neutrons. PTFE has
a high neutron yield and is therefore one of the critical neutron producers [32]. The main path to

suppress this source is the aforementioned fiducialization technique.
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Figure 1.5: Simulated contributions from different sources to the energy spectra. Left: electronic
recoil (ER) spectrum. The dominating source is ?22Rn (red) for the region of interest, i.e. for

energies < 250 keV . Right: nuclear recoil (NR) spectrum. Figure extracted from [31].

The background caused by muon-induced neutrons is effectively reduced by the active Cherenkov
muon veto [33]. A water tank scanned by 84 PMTs is used to detect and veto cherenkov light signal
produced by muons traveling across it. Furthermore, the water tank provides shielding against
~-rays from natural radioactivity occurring in the experimental hall. An additional neutron veto
based on a gadolinium-loaded liquid scintillator is proposed for the upgrade of the detector with
XENONNT [34].

Lastly, an unavoidable source of NR background is that produced by coherent neutrino-nucleus

scattering (CNNS) from solar neutrinos, as modeled in [19].

On the other side, the ER includes two irreducible sources: solar neutrinos and two-neutrino
double-beta decay (2v33) of 136Xe. We refer to [31] for further details on these sources. The
contribution of 222Rn clearly dominates (~85%) in the region < 250 keV, as shown in figure
Its presence in the detector and the different strategies to mitigate it are discussed in section
The major contribution at higher energies is that induced by gamma emissions from the detector
materials. This contribution is mitigated by fiducialization and thorough selection of the materials
used [35]. Germanium spectroscopy [36] is utilized to quantify the activity of the materials coming
from gamma emitters in the spectrum ROI.

The krypton concentration in commercial xenon ranges between 10 ppb and 1 ppm. The anthro-
pogenic B-emitter 8°Kr appears in Europe with an isotopic abundance of 2-10~!!. An homogeneous
flux of krypton is therefore introduced in the TPC mixed with the xenon. However, the vapor
pressure of the former noble gas is 10.8 times larger than that of the latter. A cryogenic distillation
column was developed to exploit this property [37]. It is sketched in figure The xenon mixed
with krypton is liquefied and injected in the 2.8 m column containing structured stainless-steel pack-
age material which provides a large surface. The xenon is liquefied by a condenser located at the
top of the column and it flows to the bottom reservoir where a reboiler heats it. This way, a stream

of xenon travels through the package where it condenses on its way up and evaporates on its way
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Figure 1.6: Structural scheme of the krypton distillation column. Figure courtesy of [37].

down. Krypton-enriched xenon accumulates at the top of the column and a small fraction of it is
extracted, whereas purified xenon is collected at the reservoir and is circulated back to the detec-

tor. The achieved concentration of krypton was below 0.5 ppt, greatly suppressing its background

contribution.
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2 Radon Background in XENONI1T

Several background mitigation strategies have been mentioned in section [If concerning cosmic ra-
diation and krypton. Nevertheless, the currently dominant contribution to the background is due
to 222Rn and it is the object of study in this section. Radon is the only naturally occurring noble
gas with no stable isotopes. Its noble gas nature starkly limits its chemical reactivity and enhances
its diffusion length through any material [38]. This results in an effect known as radon emanation:
222Rn is produced via radioactive decay within some substrate and it leaves its original position
through diffusion or through radioactive recoil. Due to its relatively long half-life of Try290 = 3.82
days, it can cover large distances before undergoing further disintegration. Hence, it is able to reach

critical parts of the detector.

214Pb

4.69 MeV 4.78 MeV 5.49 MeV 6.00 MeV ) 26.9 min

0 B

238U

4.47 Gyr

a

7.69 MeV

B

a

5.30 MeV

Figure 2.1: Excerpt of the 233U decay chain featuring 222Rn and its highly probable decay products
(with branching ratio larger than 1%). Data from [39].

An extract of the 233U decay chain containing ??2Rn is shown in figure The decay series
evidences possible sources of 22?2Rn production: traces of 238U and ?26Ra contained in many con-
struction materials. Additionally, 22°Rn, generally referred to as “thoron”, can also be emanated
and introduced in the detector. It belongs to the decay chain of 232Th, which is present in the
construction materials too. Nevertheless, ?°Rn has a much shorter half-life of 56 s [39], so the

probability that it is diffused into the detector is strongly suppressed [31]. Thoron contributes with

11



a concentration smaller than 0.1 puBq/kg, whereas 222Rn with 10 puBq/ke. Therefore, in this sec-
tion we will focus on 222Rn, referred to as “radon” hereafter, as a source of intrinsic background in
XENON. Thoron, in particular its isotope 2!?Pb, will be the object of study of section
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Figure 2.2: Simulated background rate contribution from S-decays in the 222Rn chain. The dominant

emission is that of 2!4Pb (solid red) due to simultaneous v-emissions. Courtesy of [40].

2.1 Background induced by radon daughters

The impact of the decay products of 222Rn on the background of XENON will be analyzed in this
section. Figure [2.1] summarizes the o and [-emission from radon and its daughters. The case of
« emissions is likewise negligible as their energy depositions are far too energetic compared to the
region of interest (ROI) for WIMP searches (~ 100 keV).

On the contrary, the continuous [-spectra spans over the keV scale, raising the background
signal in the ROI. As figure sketches, the chain of 222Rn contains four S-emitters: 2'4Pb, 214Bi,
210Ph and 219Bi. Their energy spectra are shown in figure These decays were simulated in
a 1 ton liquid xenon target using Geant4 software and assuming an initial activity of 60 uBq/kg
for each isotope [40]. The most critical contribution is the one induced by 2'Pb. About 90% of
these events can be discriminated as they occur with a simultaneous ~y-emission which allows for its
identification and rejection. The contribution from gammas is reflected in the shape of the 2“Pb
spectrum as a sudden increase of about an order of magnitude for energies 2 300 keV. The spectrum
from 214Bi is subdominant in the scale < 1 MeV and it accompanied by a immediate o emission
of 2'4Po (7py214 = 164 us). This coincidence permits an effective event rejection of more than 50%
[40]. For energies < 400 keV, 2!°Pb and 2!°Bi dominates as visible in figure However, the

~
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simulation assumes the same initial activities for all the isotopes, i.e. secular equilibrium. This
condition does not apply for the detector conditions in that the intrinsic 222Rn produced by decay of
226Ra within the construction materials is not in equilibrium with 2!°Pb (thus neither with 2!°Bi).
This is due to the long half-life of 21Pb, 22.3 years, much longer than the prospect operating time
of XENONIT. For this reason the contributions of 2'°Pb and 2!°Bi are neglected in the intrinsic

background computation.

A different situation is that of the so-called “surface background”. This refers to radiation
emitted from the TPC walls by isotopes sitting on the PTFE. These isotopes originate from plate-
out of radon daughters on the PTFE during the time previous to the detector assembling. The
electronegative fluorine atoms of PTFE makes it prone to carry static negative charge [4I]. That,
together with the fact that 88% of the radon decay products are positively charged [42] results in an
enhanced plate-out rate of radon daughters on PTFE compared to other materials. 2'°Pb and the
subsequent progeny contribute to the detector background in this manner. This is the dominating
process by which 2!°Pb enters the detector.

One concern of plate-out radon daughters is neutron production. The alphas emitted by 2'°Po
feeds (a,n) reactions of the fluorine in the PTFE, due to its high neutron yield [32]. Additionally,
210Ph and 2'°Bi emit bare betas which can be rejected through fiducialization. However, the re-
construction algorithms suffer from inhomogeneities of the electric field. As a consequence surface
events can be misreconstructed inside the fiducial volume. Moreover, the S2 signals from suface
decays feature lower intensity due to drift electrons being lost by colliding with the TPC walls.
Therefore, a lower S2/S1 ratio is measured, compatible with a false nuclear recoil signature. Under

this premise, removal techniques of long-lived radon daughters are investigated in section

2.2 Mitigation techniques for radon-induced intrinsic background

In this section we outline different strategies to reduce the intrinsic background of XENON originated

by radon progenies. The reader interested in further details of the techniques presented here is

referred to [43],[44] and [45]

2.2.1 Material selection

Ancde wire (W) Cathode (Fe or Si) Stop cock Connector
Active volume {~1 cm3) Quartz glass body

Figure 2.3: Miniaturized proportional counter. Figure from [46].
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The basic ingredient for a reduced intrinsic background is a careful selection of the materials used
in the construction of the detector. Critical components are those in direct contact with the xenon,
for instance the PMTs, the PTFE panels in the TPC and the cryostat which houses it. During an
extensive screening campaign, previous to the assembly of the detector, all the materials undergo
a measurement of its radon emanation rate. The samples are stored in a vessel for a few days and
the emanated radon is collected and flushed through a purification gas line. This features activated
charcoal traps and a hot getter to separate the radon from other impurities. Afterwards, the radon
is pushed using mercury into a miniaturized proportional counter where its activity is measured
[44]. These detectors were originally developed for the GALLEX solar neutrino experiment and are
handcrafted at the Max Planck Institute fiir Kernphysik (MPIK). One of such detectors is shown
in figure 2:3] With this method, a sensitivity on radon activity in the scale of ~ 20uBq is achieved
[44].

2.2.2 Radon distillation column

A radon removal system was tested achieving a reduction of 222Rn by a factor > 27 (95% CL) [47].
Its working principle is based on the higher vapor pressure of xenon with respect to that of radon
and its structure is the same as the krypton distillation column shown in figure [1.6] The main
difference with respect to the latter is that in this case radon-enriched xenon accumulates in liquid
in the reservoir at the bottom of the column where it remains until the radon decays away. This
implies that the xenon can be reused instead of being extracted and discarded. Moreover, krypton is
distilled only once during the commissioning stage of the detector whereas radon, being constantly
emanated from the materials, needs to be removed continuously by this method during the operation
of the detector. This setup is scheduled to be incorporated to the upgrade XENONnT.
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2.2.3 Coating

Welding-

rod \

Pt-electrode

Heater

Figure 2.4: Sketch of the setup for electrodeposition. Figure from [45].

Another radon-mitigation technique consists on coating the surfaces of critical detector parts with
an ultra-pure material. This way a radon-free layer covers the outermost surface of the material
jeopardizing the emanation of radon within deeper layers. Several coating methods were investigated,
so as their resulting reduction capabilities and layer properties [45]. Figure displays the setup
used for one of these methods: electrodeposition. A solution containing CuSOy is heated up to a
temperature of ~ 50°C, steered in a beaker. A potential difference is applied between the workpiece
(a welding-rod in the figure) and a platinum electrode driving the copper ions in the solution to the
surface of the sample. The deposited mass can be inferred from the current measured between the
electrodes, since it gives information on the total charge and thus on the number of copper atoms

deposited on the sample. A reduction factor of ~8 of 222Rn was reached this way.

15



16



3 Removal of radon daughters from PTFE

surfaces

3.1 Motivation: PTFE in XENONNT

At the end of section [[.2.1] we saw the applications of PTFE in the TPC of XENON as electric
insulator and light reflector. Furthermore, in section we detailed how 22?Rn in air plates-out
its daughters onto the PTFE surface and how the decay of long-lived daughters contributes to the
so-called surface background of the detector. In this light, a study on the removal of long-lived
radon daughters from PTFE surfaces was carried out and is outlined in this section. This chapter
is structured as follows: the detectors used for the study, the alpha-spectrometers, is described in
section[3.2] so as the main features of the measuring procedure. In section we detail the cleaning
procedure which were tested and their efficiency at removing 2'°Po from PTFE surfaces. In section
an analysis of the efficiency of those procedures at removing 2'°Pb is explained. Finally, in
section we investigate the shape of the obtained 2!°Po peaks in the spectra.

3.2 Alpha-spectrometer characterization

signal
feedtrough

PIN diode

Figure 3.1: Left: Structural scheme of the alpha spectrometer. Right: Front view of the top flange,

the diode’s detection surface and feed-through connection.

In this section we outline a brief characterization of the detectors used to measure the abundance
of radon daughters in the studied samples. Two detectors were employed for this work. Each one

featured different sizes but the same cylindrical geometry and working principle. Figure [3.1] (left)
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shows the schematic structure of the first, larger detector, which will be referred to as surface alpha-
detector. The main detection component is also displayed in figure (right): a silicon PIN diode
of approximately 13 mm of size (1.7 cm? of total surface). Larger diodes for higher sensitivity are
intended to be purchased in the future. In this detector, the sample is set, coaxial and parallel to
the diode, on a tray whose height can be adjusted at wish. The vessel containing the sample and the
diode has a volume of 9.2 L, and it is continuously evacuated during the measurements, so that the
alphas can reach the detector without colliding with air molecules. This spectrometer was designed
and manufactured at the Max Planck Institute fiir Kernphysik (MPIK), in Heidelberg.

The second, smaller detector was also built at MPIK but it was originally designed as an elec-
trostatic collection radon monitor [48]. During the construction of the surface alpha-detector, this
one was adapted to act as a second alpha spectrometer. It is referred in this work as RaMon. For
this study we attached a plastic sample holder underneath the PIN diode in order to keep the dis-
tance between them minimal and fixed. The vessel fits a volume of about 1 L. Both PIN diodes are

identical in shape and manufacturer.

@ Pump

Figure 3.2: Sketch of the collection principle of the alpha spectrometer. a-particles (in red) are emitted by polonium

(green) disintegration and get detected when reaching the PIN diode.
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Figure[3.2] depicts the basic operating principle, common to both detectors. The radon daughters
(in the image polonium) sitting on the surface of the sample or within its bulk, decay to the next
isotope in the chain (in this case lead), which gets a recoil energy. In this process, an alpha is
emitted (in red) which can reach the PIN diode. Alphas emitted from the very surface deposit its
full energy in the detector whereas those traveling through the bulk lose a fraction of it by colliding
with other atoms. Electron-hole pairs are produced in the substrate of the PIN diode proportionally
to the energy deposition of the alphas. The 9 V reverse bias allows a current flow of the pairs. This
current is then amplified and transformed into a digital signal by mapping each current value (thus

each deposited energy) to a channel in the spectrum.

3.2.1 Detector calibration

Alpha-spectrometer calibration
45 50 55 6.0 6.5 7.0 75 80 Energy (MeV)

agp-  °Th

2000 -

iy

(%2

[=)

o
L

Counts per channel

=

o

o

o
L

500 -

250 300 350 400 450 500 Channel (AU)

Figure 3.3: Spectrum used to calibrate the detector response featuring multiple peaks from a-
emissions. The filled regions correspond to five separate intervals of the spectrum, each of which

was fitted to the sum of two crystalball functions (see text).

An example of spectrum recorded with the setup appears in figure [3:3] This spectrum corresponds
to a stainless steel sample contaminated with short-lived isotopes in the decay chains of 238U and
Z3"Np. They were known from a previous screening measurement of the sample [45]. The spectrum
was used to calibrate the energy scale corresponding to the different channels: First, each peak was
fitted to a crystalball function, which consists of a gaussian part on the r.h.s. and a power function

of order n on the lower tail to describe the loss of energy of the alphas [49].

(e =N A.(B—E—;M 7n, for E—;Eg—a (3.1)
Y, T, 0) = : ) .
exp (—(EQLZ)Q , for E—;H > —q

where
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and N is a scaling parameter. The fit parameter p, the expected value in the gaussian part,
corresponds to the maximum deposited energy of the alphasﬂ

Once the central value of all the peaks is known, their corresponding deposited energy must
be inferred. The position of the 2!°Po decay was taken as reference. This isotope is known to be
implanted on the diode during previous exposure to 222Rn. Consequently, long-lived radon daughters
(21°Pb and ?'°Po) have been plated-out onto the diode and the detector’s walls, causing a constant
background. This is the main contribution to the background activity of the detector as we will see
in section

The diode’s response was known to be linear in the energy range investigated in this work [45].
This was checked by plotting the literature value of the alpha decays, @, as a function of the mean

channel values, as figure[3.4)demonstrates. A straight line was fitted to these points and the resulting
function was used to calibrate the energy scale.

Detector linearity
8.5-

Fit-ta-x+b 4
80- —— a=0.017 £0.002
b=-47e-09 £ 2.2e-03

~
(&)
|

~
o
|

o o
o [¢)]
i i

Reference energy (MeV)

300 350 400 450 500
Channel (A.U.)

Figure 3.4: Linearity response of the diode: On abscissa the mean values of the peaks are arranged,

on ordinate the QQ,-values of the alpha decays of the found isotopes.

The deviation of the first point might be caused by a misidentification of the isotope or by the
limited resolution. Since the main region of interest in the spectrum is above this energy value (4.8

MeV), the fit was kept. The energy resolution was estimated as the FWHM of the peaks and was
found to be around 0.1 MeV.

I Assuming that they are emitted directly from the sample’s surface.
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3.2.2 Detection efficiency I
PIN

The counting rate measured by the spectrome- |
. . PIN Square detector (x.y)
ter was corrected using for the geometric detec-

tion efficiency, which was estimated through a
Monte Carlo simulation.
The simulation is illustrated in figure [3.6] d
First N =~ 30000 particles are generated uni-
formly and isotropically over the disc centered

on the coordinate origin. Then, for each parti- r

e

(xa.Ya)

cle, the momentum-direction vector is randomly eccentric point source

generated and the particle is translated to a

Figure 3.5: Sketch for geometry efficiency calcula-

height d, leading to the coordinates: )
tion.

xr = xg+ [sinf cos ¢
Yy =1yo+ Isinfsin ¢
z=zy+d,

in which [ = -4 (see the geometry in figure . The particle is detected if

cos 6
lz] <lpiv Ay < lp,

where lpy is the side length of the diode. Then, the detection efficiency is simply

e — lNdet
2 Ntot ’

(3.3)

The factor 1/2 takes into account the particles which can be emitted downwards, which were not

initially generated for faster computation. The simulation is illustrated in figure The results for

several relative sizes and distances are depicted in figure
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Figure 3.6: Solid angle simulation for the experimental conditions: square detector and circular

source .

Square detector
05 7——— —— d=0.01"PIN size
\ —— RaMon distance = 0.24 *PIN size
—— Surface-det distance = 0.48 *PIN size

0.3 -

0.2 -

Detection efficiency

0.1~

00 il I 1 I

Relative sample size

Figure 3.7: Simulation result for the setup conditions.

The samples’ diameter and the PIN diode’s side were identical for all measurements. The distance
between them was also kept constant throughout all the measurements but differed for each detector.
Table [I| summarizes these experimental conditions as well as the efficiencies calculated using the
simulation. To obtain these results, the simulation was run 1000 times, with fixed conditions, and

the average and standard deviations computed.
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Tdise = (25.00 £ 0.15) mm
lpiN = (12.74:|: 0.15) mm

distance [mm)] €sim
Surface detector 6.2 £ 0.9 0.136 £ 0.002
RaMon 3.1 £ 0.6 0.151 £ 0.002

Table 1: Experimental conditions and geometric efficiencies.

Analytic expressions for a circular detector and homogeneous circular source can be found in the

literature as well [50][51][52].

3.2.3 Handling of the systematic uncertainty

Considering the long half-lives of the investigated radon daughters, 21°Pb and 2!°Po, the activity of
the samples is expected to remain constant between two measurements in the same cleaning stage.
Nevertheless, the measurements presented noticeable systematic fluctuations, probably linked to an
inhomogeneous loading of the sample.

The systematic uncertainty was estimated, separately for each detector, by computing the relative
deviations of each measurement from the average corresponding to each cleaning stage. Then, these
deviations were arranged in a histogram, as depicted in figure The systematic uncertainty was
determined as the sigma of the gaussian fitted to such distribution. This uncertainty is then added
to the usual poissonian statistical uncertainty for each measurement.

In order to account for the effects of 219Po evaporation and 2'°Pb removal, which are detailed
later in this chapter, we used only sets of measurements within short time lapses (not longer than

two weeks) for this systematic error estimation.

Systematics RaMon

20 - Center = 1.00
Sigma = 0.035
I 79 entries
15 -
3
=
§10 -
[=]
o
5 4

0.90 0.95 1.00 1.05 1.10

Relative deviation

Figure 3.8: Systematic error distribution of the samples’ measured activities during short time

intervals.
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3.3 Removal of ?'Po

As outlined in section [2.1] a-emissions from 2'%Po sitting on the PTFE walls of the TPC can trigger
(a,n) reactions which contribute to the nuclear recoil background in XENON. Hence, a study on the
removal of this isotope from PTFE by means of surface treatment procedures was carried out and

is discussed in this section.

3.3.1 Sample loading

In order to investigate the effect of different cleaning procedures, several
PTFE samples artificially contaminated (loaded) with ?22Rn daughters
were employed. The samples where flat discs of 50 mm diameter and 0.5

mm thick (see figure |3.9). To load these samples, they were inserted in

a setup sketched in figure 222Rn emanates from uranium powder
and mixes with the air contained in the vessel. The radon-enriched air

is then brought, by means of a recirculation pump, to the sample vessel,

where radon plates-out its daughters on the samples. The loading took
place during several years previous to the measurements and was stopped Figure 3.9: PTFE sam-
about two years before them. Therefore, the 2'Pb implanted and the ples used for these stud-
210Po measured can be assumed to be in equilibrium. ies.

One of the sides of the sample discs was directly facing the current of
radon-enriched air. This led to a higher concentration of polonium on this side compared to of the

opposite side.

Recirculation pump

sx ©

| sample
° o sample vessel

uranium oxide
-~ 1MBg Rn emanation

a
-]

Figure 3.10: Setup for ?22Rn loading. The uranium source enriches air with radon which is then

recirculated to the vessel where the samples sit.

Given the long half-life of #'°Po, 71 /o = 138.4 days, we expect the activity of the samples to stay
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on a constant level during each measurement, which typically lasts around one day. Figure [3.11
depicts a typical spectrum of the ?'9Po-loaded samples and the stability of the events within the
energy interval corresponding to this peak. 219Po is the only peak found in the full spectrum because

it is the only long-lived alpha-emitting isotope (*'!°Pb is also present but emits betas) remaining in

the sample.
Untreated PTFE disc
Spectrum Count stability
7000 - 600
6000 -
500 -
5000 -
%2} Crystalball fit t m400_
- 11 rystaloall Nt o measuremen 2]
% 4000 —— Background contribution % 300
Q B A=(86+0.5)B 7
© 3000 - (8:60.5)Ba 8
2000 - 200
1000 - 100 - Mean: 523 + 24
T X3 =1.052
0‘ T T T I 1 I 0‘ I | | | |
45 47 49 50 52 54 56 0 10 20 30 40
Energy (MeV) runtime (h)

Figure 3.11: (Left) Alpha-spectrum of an untreated PTFE sample and fit to crystalball function.

(Right). Time evolution of all the acquired ?'°Po events.

3.3.2 Detector background

A contribution to the polonium activity registered in the detector comes from background events.
As already noted, some polonium was implanted into the diode, its holding frame or into the de-
tector walls during previous experiments where ?22Rn was present. This contribution was regularly
monitored and must be subtracted when computing the activity of the sample. The background
count rate of the two spectrometers are exposed in figures and
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Surface detector background
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Figure 3.12: Background contribution to the 219Po rate in the surface alpha-detector acquired during the measurement

phase.
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Figure 3.13: 219Po background in RaMon. During the measurement carried out on the 7*® of March, the diode was

covered in order to isolate it from radiation coming from the detector walls.

On average, the background in the smaller detector (RaMon) is more than an order of magnitude
larger. This reflects its longer previous utilization for highly emanating samples. The in-growth of
the background rate is due to polonium being desorpted from the sample surface and migrating to
the detector surfaces. This effect is further investigated in the following section. The background to
sample signal ratio ranged from a 3% to 11%.

During the actual measurement of the PTFE samples, the detector was mainly shielded from the
detector wall radiation by the sample holder, as the case indicated in figure (data point 7th of
March). Hence, this value was subtracted for the computation of the cleaning procedures reduction
factor.

The background in the surface alpha-detector remained stable during the measurements, as shown

in figure [3.12] This different behavior with respect to RaMon is due to the fact that the surface
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alpha-detector was newly exposed to untreated sample discs. The effect of 2!°Po-evaporation, in

turn, occured only at measurements of uncleaned samples (see section [3.3.3)).

3.3.3 Polonium evaporation

Untreated PTFE disc
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Figure 3.14: 2'9Po evaporation during a measurement run two weeks long. Activity and mean value

included for reference.

Several measurements of untreated samples showed a significant decrease of its polonium activity.
An instance of such measurements is shown in figure [3.14 This decrease is much faster than the
radioactive decay of 21°Po (7, /2 = 139 days), so it cannot be linked to this cause. Moreover, the
trend was clearly correlated with the time the sample had spent in vacuum, as depicted in figure
[3I5] This time coincides with the detector’s operating time, therefore it is referred as ‘runtime’.
Throughout all the measurements, the detector vessel was evacuated, exposing the disc to pressures
of the range 1072 mbar. Polonium may have been desorpted from the surface into the detector.
Polonium evaporation has already been researched [53], [54]. Once the measurement was finished,
the detector was filled with air in order to extract the sample.

For the first disc measured, a time lapse of several weeks passed during which the sample was
stored at room pressure. Figure [3.15 shows the evolution of the untreated disc’s activity during

runtime (left), i.e. the time spent in vacuum, and during the actual time (right), including the
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periods at which was exposed to air.
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Figure 3.15: 210Po evaporation. Showing as x-axis the total runtime of the measurements (a) and the ‘timestamp’ or
actual time (b).
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Figure 3.16: 210Po evaporation on a different sample disc labeled ‘3’.

After applying the cleaning procedures the polonium did not noticeably evaporate anymore, thus

contribution to the background radiation decreased. This was the case of the last measurement

in figure 3.13] This background measurement was carried out once the the sample’s activity had

reached a stable value, meaning that no desorption occurred anymore. Another case of polonium

evaporation taking place in a different sample is shown in picture [3.16
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3.3.4 Tested cleaning procedures

Once a good set of measurements of the sample’s activity prior to any treatment has been collected,

we start applying different surface cleaning procedures. These are outlined below:

1. Ethanol wipe: Wipe with a cloth soaked in ethanol.
2. Ethanol dip: Bath in ethanol for 15-20 min.
3. Weak nitric acid procedure:

a) Immersion of the sample in 5% (by mass) HNOj dissolved in ultra pure water (UPW).

(a)
(b) Sonication for 15 minutes. Then the sample is left in the bath for 2 hours.
(¢) Rinsing with de-ionized water.

)

(d) Drying by blowing nitrogen.

4. Strong nitric acid procedure: Variation of the weak nitric acid procedure, using a HNOg
solution of 6 mol/L (32%).

5. Hot nitric acid procedure: Variation of the strong nitric acid procedure: heating the

solution to a temperature of 60 °C.
6. Recirculated nitric acid procedure:

(a) Immersion in 6 mol/L HNOj solution and sonication for 15 minutes.

(b) Immerse the disc in another glass with a fresh HNO3 solution for 90 s. Reiterate this step
a total of three times, every time with a fresh HNOg solution.
(¢) Rinsing with de-ionized water.

(d) Drying by nitrogen blowing.

The weak nitric acid procedure on which all the variations are based is the standard procedure
used in the XENONIT cleaning campaign for PTFE pieces and it preserves the material’s UV
reflectivity [30]. Furthermore, the “recirculated nitric acid procedure”, is based on [55] and is
intended to avoid redeposition of polonium solved in the acid back onto the PTFE surface during a
long bath.
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3.3.5 Observed 2!°Po reduction
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Figure 3.17: 210Po activity of the samples before and after successive cleaning procedures. On the abscissa the

accumulated runtime of each measurement is exhibited, i.e. the time that the sample spent in vacuum.

Figure [3.17) illustrates the calculation of the reduction factor observed after applying our cleaning

procedures. The points in the plot represent a measurement of one of the four PTFE sample discs
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used for this study. The disc was regularly flipped to measure the other side’s activity too, which is
treated as an independent sample. By convention, the more active side was referred to as ‘a’.

The average activity and standard deviation of each cleaning phase are shown in figure [3.17] as
a horizontal line and a shaded region around it respectively. From this quantities we compute the

reduction factor as the ratio between the activity before and after the treatment:
Rp = Aprc/Apost- (34)

This calculation applies to all the reduction factors listed in this section except for the first
treatment applied to each sample. In those cases, the following correction was taken into account:
instead of taking the average activity of the sample before the treatment, since a clear exponential
decrease trend appeared, the value of the activity at the time of applying the procedure was inferred
from the fit. This fit is displayed in the figure too and hints to polonium evaporation, as argued
in section [3.3.5] The error associated to the reduction factor, however, was computed from the
weighted standard deviations.

Most of the measurements shown in this section were carried out using RaMon. For the mea-
surements recorded by the surface alpha-detector an additional black marker is indicated in the

graphs.

Disc 1 The effect of cleaning observed for sample disc 1 is depicted in figure (both sides).
First, the y-axis shows that radon plated-out more intensely on side ‘a’ by a factor 7.3 £+ 0.3 with
respect to side ‘b’. Second, the more treatments we applied on the sample, the less effective they
were, even though, for example, the third procedure was identical to the second but using a nitric
acid solution concentration 5 times higher. This acid is known to be a good solvent for lead [56].
Lastly, the result from the hot HNOg3 procedure shows that heating the solution did not improve
much the removal efficiency either.

An explanation for the decrease of the reduction factor would be the following: Most emitters sit
on the surface of the disc or within the outermost layers of the PTFE. Then, a smooth wipe already
removes a measurable amount of such emitters, either due to mechanical effects or to chemical
etching. Afterwards, polonium remains in the bulk of the sample, shielded from the cleaning agent.
This means that a constant activity level is reached and that the procedures no longer prove very
effective, as figure [3.17|shows. Moreover, side ‘b’ shows a high fluctuation of polonium activity more
significant than the effect of the cleaning itself. This supports the hypothesis that the treatments
cease to be effective once the surface has been removed: At that stage, the measured activity varies
from one region of the disc to another (inhomogeneous loading) but, in contrast, the procedures
barely make a change.

If the alpha-emitters migrated to the bulk, the shape of the peak in the spectrum would be
affected as the alphas would lose more energy on collisions with PTFE molecules on the exit, thus
contributing to the tail of the peak. A further study on this respect was carried out and is detailed
in section
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Disc 2 A second sample, labeled ‘2’, was similarly treated to check the reproducibility of the
measurements. Figure collects the resulting reduction factors. This time, a repetition of the
ethanol wipe was carried out instead of the weak nitric acid procedure, in order to check whether it
led to further reduction. In this case, side a was more efficiently loaded by a factor 2.87 + 0.15 with

respect to side ‘b’.
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275 1 1 No treatment
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Figure 3.18: Cleaning procedures results on disc 2. In this case no fit correction was applied for the first treatment

given the limited statistics previous to it.
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Here again a constant level is hit after most surface contamination has been removed. This
saturation effect is more evident in side ‘b’, as it was the case with disc 1 too. The reduction factors
are small but compatible for both sides, as well as the overall reduction from all the procedures. The
saturation level differs on each side by a relative factor of 3. This might be an indication that the
emitters do not come from the same depth level. If this were the case, the same saturation activity
would be visible on either side of the disc. The discrepancy then implies that polonium sits on
different layers closer to the surface. This hypothesis is supported by a shape analysis, as discussed
in section

The recirculated HNOg3 procedure was tested in order to see the impact of readsorption of polo-
nium back onto the sample’s surface. The result of this procedure proves that such effect was not
significant, at that stage of our cleaning sequence. However, this effect might have been more ap-
parent at the early stages, when the surface was more populated. In that case polonium could be
dissolved in the acid and redeposited whereas, if barely any polonium was dissolved to begin with,

not much readsorption should be expected. We want to investigate this in the future.

Disc 3 The ethanol wipe treatments have so far proved quite effective compared to the subse-
quent procedures. They were always applied first to the sample, when most of the emitters still sat
on the disc surface. Further wiping led to polonium concentration decrease, as the measurements
of disc 2 show. This means that the first wipe had left a considerable amount of polonium on the
sample. From this information we can conclude that, albeit its removal efficiency is limited, ethanol
solves polonium attached to PTFE to a certain level. Nevertheless, since the procedure involved
wiping the PTFE with some tissue, the effect of polonium removal might have been due to the rub-
bing. Thus caused by a mechanical “etching” rather than chemical. Moreover, wiping as a cleaning
procedure has no practical application for PTFE in XENON, as it could alter its surface structure
and hence affect its reflectivity properties.

For such reason another procedure involving ethanol was tested on a third sample. Instead of
rubbing the sample with cloth, it was simply left in an ethanol bath for some 15-20 minutes. This
was the procedure referred as “ethanol dip” in section The idea is to isolate the chemical

effect of ethanol from any other effects related to the wiping.
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Figure 3.19: Ethanol dip result on disc 3.

Figure depicts this procedure on disc 3. Similarly as for the case of the two ethanol wipes
applied on disc 2, the reduction factors of this procedure on both sides coincide within the uncer-
tainty. The cleaning yielded a reduction factor of 1.34 4+ 0.06 for side ‘a’ and of 1.36 + 0.06 for side
‘b’. The first ethanol wipes led to factors of 1.57 + 0.08 for side ‘a’ of disc 1 and of 1.61 £ 0.07 and
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1.82 £ 0.04 for sides ‘a’ and ‘b’ of disc 2, respectively. Comparing these results, one can conclude
that the mechanical effect of the wipe is negligible compared to the chemical etching effect. The
ethanol dip procedure led to slightly lower removal factors, being the discrepancies probably linked

to the absence of etching.
Disc 4 Another sample was again treated with the strong nitric acid solution as a first proce-

dure, instead of the ethanol wiping. The aim was to determine the effect of the nitric acid alone on

an untreated sample.

ol |

Disc 4-a, direct strong HNOs procedure

e

1.0 -
=3
2
=
g
0.8 -
07 - e Measured with alpha-pot
. T No treatment
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06 - Reduction =1.57 = 0.11
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Figure 3.20: HNOj3 procedure result as initially applied on disc 4.

The reduction was not greater than that achieved by the initial ethanol wiping, as figure [3.20
shows: A factor of 1.57 4+ 0.11, compared to a maximum reduction factor reached by ethanol of
about 1.8. This result leads to an important conclusion: nitric acid is not a more efficient solver of
polonium than ethanol. However, the measurement must be repeated to confirm this as this result
on the reduction factor relies on a single post-treatment measurement. The time spent by the sample
in the acid solution cannot play an important role either, given that the immersion in the acid was

at least four times longer than in ethanol.

Summary of surface treatment results Table [2] gathers all the reduction factors obtained

from the previous analysis. The overall reduction factor, after all the procedures that each disc
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underwent, is also listed in the last column of the tables.

Table 2: Reduction factors of 21°Po cleaning procedures

Disc 1-a Disc 1-b Disc 2-a Disc 2-b
1st ethanol wipe 1.57 4+ 0.08 - 1.61 + 0.07 1.82 £ 0.04
2nd ethanol wipe - - 1.22 +£0.12 1.07 £ 0.04
HNOj3 (5% mass) 1.24 £ 0.06 1.4 +0.15 - -
HNO3 (6 mol/L) 1.16 £ 0.05 1.09 +£0.15 1.12+£0.11 1.1 +0.06
HNO;3 (60°) 1.06 + 0.02 0.94 + 0.09 - -
HNOj (recirculation) - - 0.98 +£0.14 1.05+0.08
Total reduction 2.4+ 0.1 1.44 + 0.08 2.15+£0.31 2.26 +0.14
Disc 3-a Disc 3-b Disc 4-a
Ethanol dip 1.34 £ 0.06 1.37 £ 0.06 -
HNOj3 (6 mol/L) - - 1.57 + 0.11
Total reduction  1.34 + 0.06 1.37 +0.14 1.57 £+ 0.11

3.4 219Pb removal

In this section, the contribution from 29Pb to the samples’s activity is inferred as well as its
reduction through the cleaning procedures. Given the long half-life of lead (22.3 years) compared
to its daughters’, we can assume initial equilibrium with the subsequent isotopes in the chain, 2'°Bi
and 2'%Po.

Figure [3:21] illustrates this effect. The measured activity of polonium on disc 2 is arranged, as
in figure [3.18] only this time the total time elapsed between the beginning of each measurement is
displayed on the x-axis. During this time the sample was not only exposed to vacuum, as it was for
the runtime in the abscissa of figure but also to air, when it was stored outside of the detector.
During the long (2-3 months) phase, after the sample was treated with the ethanol wipe for the
second time, if only polonium were left in the sample, its activity would have followed the decay
indicated by the black broken line. Instead, a gentle, positive slope reveals that lead is still present

in the sample, leading to a rise in polonium activity.
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Figure 3.21: 219Pb contribution to the activity in sample 2. Pure 2!°Po decay trend included for

comparison.

Such increase allows us to estimate the activity of lead after applying a procedure by fitting the
evolution of polonium activity. The activity of 2'9Po as a function of time can be calculated from
Bateman’s equations. If we neglect the contribution of the intermediate daughter 2!°Bi (7, /2 =95

days), and we assume a different initial concentration of lead and polonium, Ap,(0) and Ap,(0), we

obtain:

Apo _ _
Apo(t) = Apo(0)e™ ot + Apy (0) 12— [e7Arul — g Aral] (3.5)
APo — APb

and

App(t) = App(0)e " &~ Apy,(0)

for t < 1/App, respectively. We used here the decay constants of 21°Pb and 21°Po, Ap;, = 9.9 -

107 1% =1 and Ap, = 5.8 - 10785~ !. Neglecting the contribution of 2!°Bi implies an error of ~2%.

The fit is performed by minimizing the function
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(Apo(At) — ART)’ /5 Apo,
with Ap,(0), ApP and At fixed from the data. The only free parameter in the fit is Apy,(0) = A"
This parameter corresponds to the lead concentration right after carrying out the procedure and
it is highlighted in the figure with a matching marker. The activity value of lead before treating
the sample, AP}, is assumed to coincide with the average of polonium at that phase (equilibrium
condition). Lead can also be desorpted, as we will see in section where evaporation of 212Pb is
discussed. However, the effect is negligible. Then, the reduction factor of the second ethanol wipe

is estimated as
pre
R . APb
F = Apost'
Pb

The removal from the first ethanol wipe was neglected here, as that stage did not last long enough

to see a significant evolution of polonium activity.

Applying this same algorithm to side a of disc 1, we obtained further results for 2!Pb. Those
results are sketched in figure[3.22] In this case, the ethanol wipe stage lasted long enough so that the
lead activity could be estimated, although with great uncertainty so it was not taken into account
for the reduction factor calculation. This calculation was performed in this occasion for the weak
HNOg3 procedure and the initial activity of lead was again assumed to coincide with that of polonium

at the untreated stage. Table [3|summarizes the reduction factors of 2!°Pb inferred by this method.

Disc 1 side a
25 ——- Pure ?1°Po decay 1 No treatment
I HNO3 procedure 21°Pb reduction: . ethannol vl
------------------ & 21+06 I HNO3 (5 ”b)
20- f HNO» (6 moliL)
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< . iz 3
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05~ T
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Figure 3.22: 219Pb contribution to the activity in sample 1 side a.

Table 3: Reduction factors of 2'°Pb cleaning procedures.

Disc 2-a  Disc 2-b Disc 1-a
Ethanol wipe 1.5 +£04 154+ 0.3 -
HNO3 (5 %) - - 2.1 £ 0.6
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3.5 Peak shape analysis

In order to explain the decreasing efficiency of the consecutive cleaning procedures applied on a
sample, the distinction between events coming from the surface and from the material bulk was
put forth. Once most events were removed from the surface, polonium is mainly present inside the
bulk. There, even strong lead solvents like nitric acid cannot remove much of the remaining activity.
Hence, the activity leveled off.

In order to test this hypothesis, an analysis of the evolution of the peak shape was carried out.
A major migration of the emitters to the deep bulk of the substrate would be reflected in a swelling
of the peak’s left tail. the energy of the alphas would be more likely to be lost in collisions with
PTFE molecules and any other impurity (for example dust). As a matter of fact, this could be seen
in a set of measurements of disc 1 after the strong HNO3 was applied. Figure [3.23] shows it.

The first condition to compare different peaks was to have them following a distribution centered
in the same energy channel. This was not always the case even when measuring the same «a-decay,
due to some changes in the electronics of the setup. This would result in a shift in the channels.
However, the calibration linearity was always fulfilled so the central channels were shifted to coincide
with a fixed established value when they differed. Only data recorded by RaMon was used for this
study. Afterwards, an initial set of measurements from the untreated state of the sample was taken
as reference and all the statistics belonging to this set were combined and normalized. Then, all the
individual peaks after the subsequent procedures were normalized and overlapped with this reference
peak. Figure demonstrates some of these overlapped spectra. A slight discrepancy is already
visible in the figure, with a smearing of a few channels of the blue peak with respect to the reference

(red).
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Figure 3.23: Instance of the overlapping process of the peaks of the processed sample with the initial

state.

For each energy channel (each bin, labeled 7), the residuals in the counting content (n;)were
was computed as its ratio with the reference: n;/ nief. Finally, this ratio was normalized to the
total number of compared measurements, so that if the shape of the peak had not varied at all, the
spectrum would follow a constant distribution around one.

As an initial cross-check, this analysis was carried out for the reference measurement. Figure
[3:24) shows that the peak was not deformed during the initial phase. Indeed, when comparing all the
statistics of this stage to the very first run of the set, the distribution of residuals in the counting

content of the bins is very well described by a constant compatible with one.
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Figure 3.24: Proof of concept of the shape analysis. Stability of the shape during the initial stage.

Once the analysis was tested and the reference shape was proved to be stable, the deformation
caused by the treatments was estimated as follows: The distribution of the residuals was plotted for
the combined set of measurements after all the treatments, as figure gathers. Then, the full
width at half maximum (FWHM) interval of the peak was computed and three additional averages
of the deviations were determined: the average in the FWHM (red line), in the interval up to its
lower limit (left tail, black line) and in the interval from its higher limit (right tail, purple line). By
comparing these values, the migration of polonium to the tails can be roughly quantified. Indeed,
as the figure exposes, the average on the left tail exceeds that on the FWHM,; reflecting how, in
comparison with the original state, the left tailed swelled when the treatments were applied. This is
already visible in the top graph, where the overlapped peak (blue) clearly exceeds the reference for
channels 305-310. The opposite is true on the right tail, implying that the most energetic depositions

(surface events) are less likely to happen when after the sample has been treated.
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Figure 3.25: Shape analysis result after all cleaning procedures and either side of disc 1.

Similar results as above were found when performing the same analysis on each separate side of
the disc. Thus, the migration affects equally to both sides.

The same analysis was performed for side 2, leading to very similar results, assuring reproducibil-
ity of this effect. As a conclusion, polonium either migrated to the inner layers of the PTFE bulk
after the surface was cleaned, or it had already been diffused there. This last hypothesis will be
argued in the following chapter, particularly in the subsection dedicated to a similar shape analysis

as the one exposed here. There, a comparison with the much shorter-lived 2'2Bi is provided.

3.6 Conclusion

In this section we described the experimental setup and measurement procedure to test the cleaning
efficiency of different surface treatments. The reduction factors of 2!°Po and 2!°Pb are given in
tables [2| and |3| respectively. The time evolution of ?'°Po activity during several months allowed for
a tracing of the 219Pb activity, as explained in section We investigated the cause of the limited
removal efficiency for the tested procedures in terms of an analysis of the 21°Po peak shape. This
led us to the conclusion that this isotope migrated to the inner layers of the PTFE, probably by
diffusion effects or by the recoil momentum when undergoing a-decay.

Lastly, evaporation of 2'°Po was detected on several samples. This entailed an activity decrease
trend which was accounted for when computing the reduction factors of the cleaning procedures. It
also contributed to an increase in the background activity of the alpha-spectrometer (RaMon), as
commented in section
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4 Removal of ??Pb

4.1 Motivation

The removal of 21°Po by means of surface cleaning was discussed in the previous section. We saw
that the presence of 2'9Pb played an important role in the evolution of 2!°Po concentration. In
section [2| we saw the gravity for the XENON experiment of 21Pb. In the light of this, a further
study on the removal of lead, rather than polonium, was additionally conducted and it is outlined
in this section.

In order to investigate the cleaning efficiency of lead from PTFE, an isotope of this element is
needed whose decay signal could be recorded using the detectors described in this work and with
a reasonable half-life. The isotope chosen for the study was the beta-emitter 2!?Pb, since it has
a relatively short half-life, 10.6 hours. This way background introduced in the spectrometers is

minimized, as opposed to using, for example 2'°Po.

— ———
228Th 212pp
1.91yr [ 5.52 Mev 5.79 MeV 6.40 MeV 6.91 MeV B 10.6 h
P
a 2087
6.21 MeV 3.05 min
. 36%
B/64% B
a
8.95 MeV

Figure 4.1: 22Th decay sub-chain, from 232Th series.

Indirect detection of 2'2Pb is possible using our alpha spectrometers. Figureshows an excerpt
of the decay chain of *2Th containing 2!2Pb. 2!2Pb undergoes beta decay, undetected by the PIN
diode. However, its daughter 2'2 Bi is an alpha emitter. The half-life of 2'2Bi is 61 minutes much
shorter than the 10.6 hours half-life of 2!2Pb. Therefore, 2!2Bi follows, to a good approximation, a

decay law with the half-life of 2'2Pb, allowing for the tracing of lead.
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4.2 Sample loading

For this investigation, identical PTFE samples

Filter

Filter

as for the polonium removal study were used 228Th Source

(see figure[3.9)). The loading method was based
on a recirculation setup similar to the one ex- E_J Recirculation @

posed in section Figure displays this
loading setup. It features a 228Th source of

~ 10 kBq of strength. 228Th is in equilibrium Sample Vessel
-
with 224Ra, which decays to 22°Rn. 2?°Rn, com-

monly referred to as ‘Thoron’ emanates in the

vessel and is then flushed through a filter into

Figure 4.2: 229Rn-loading setup.

the sample vessel, where the PTFE samples sit.
Thoron plates-out its daughters, 2'5Po and 2'2Pb, onto the PTFE. The half-lives of 22°Rn and 2'6Po
are in the scale of seconds, negligible compared to the 10.6 hours of 2!2Pb. The latter dictates the
time scale of the loading phase. Usually, the samples were loaded for 5 to 7 days, so that the 2!?Pb
reaches its full saturation level. Once the loading is set to finish and the valves are closed to in-
terrupt the recirculation, the sample is left inside the vessel for one or two hours to ensure that all
the thoron has decayed away (Trn220 = 55 s), before proceeding to its extraction. This is done fore
safety reasons.

Only one side of the disc was measured in this case, so the disc was simply set on the vessel wall.
The chosen side to measure was the one which faced the air inside the vessel, parallel to the gas

flow.

4.3 Tested cleaning procedures

Before describing the measurement technique, we list here the treatments which were tested. Many
of them are common to the ones tested for 2'°Po so that their efficiency on removing the different

isotopes can be compared.
1. Water dip: Immersion in ultra pure water (UPW) for 30 minutes.
2. Ethanol dip: Bath in ethanol for 30 minutes.
3. Weak nitric acid procedure:

a) Immersion of the sample in 5% (by mass) HNO3 dissolved in ultra pure water (UPW).
b

(c

(d) Drying by blowing nitrogen.

Sonication for 15 minutes. Then the sample is left in the bath for 2 hours.

(a)
(b)
) Rinsing with de-ionized water.

)

4. Strong nitric acid procedure: Variation of the weak nitric acid procedure, using a HNOg

solution of 6 mol/L (32%).
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5. Acetic acid procedure:

a) Immersion in a 1% (by mass) acetic acid (CH3COz) solution for 5 minutes.

(c

(d) Immerse the disc in another glass with a fresh nitric acid and hydrogen peroxide solution

(a)
(b) Immersion in a 1% nitric acid and 3% hydrogen peroxide (H2Oz2) solution for 5 minutes
) Immerse the disc in another glass with a fresh acetic acid solution for 5 minutes.
)
for 5 minutes.
(e) Rinsing with de-ionized water.

(f) Drying by nitrogen blowing.

4.4 Measurement procedure

Once the samples were loaded with 2'2Pb and extracted from the loading setup, they were inserted
in the surface alpha-detector (RaMon was no longer used for this study). An example of measured
energy spectrum is depicted in figure The two peaks correspond to the alphas emitted by 2'2Bi
(red) and its daughter ,2!2Po (green). As figure[d.1]illustrates, 22Bi has two exclusive decay modes:
alpha and beta, with branching ratios of 36% and 64% respectively. This branching ratios were
found in the measurements and are shown in figure [4.3] as the total counts quotient between both

peaks. For our analysis we monitor both branching ratios of 2'2Bi by combining the counts in both

peaks.
Acetic acid procedure
5000 —— Po-210
4000 - BR ratio = 0.55 = 0.01
Bl Bi-212, 95% CI

..‘*_.C" 3000 - s Po-212, 95% CI

o

© 2000 -
1000 -

51 54 57 60 63 66 69 7.2 75 7.8 81 84 87 90
Energy (MeV)

Figure 4.3: Spectrum obtained from a 2!2Pb-loaded sample.

The detector still contained some background from 2'9Po, as explained in section and as

indicated in the spectrum. Its peak, however, does not interfere with that of 2!?Bi and it gets
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cut for the posterior analysis. Other interesting feature of the spectra is the right tail of 2'2Po,
corresponding to the energy deposited when bismuth undergoes alpha-beta decay [57]. This was

modeled by a function consisting on a generalization of the crystalball, defined in (3.1)), but with
two tails, each with different exponents n, and no:

—n1

Al' B]Q—E—;H s for E—;ES—OZ
f(E;M,OZ,Ol,TLl,HQ,O') =N- €xp (_ (E2;;21«)2> ) for E_;H > —a (41)
A2'<B2_E_:E>72, for E—j’iZ—l—a
where
i " Oé|2
() ()

1, 2
= = —of

3 |a| k)

for i = 1,2.

4.4.1 Computation of reduction factors

Acetic acid procedure

— t1;2=(10.20x0.15) h
350 - Initial loading: 9.58 + 0.05 Bq
Background: 0.18 = 0.02 Bq

i = +
300 - Reduction factor= 154 = 0.8
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Figure 4.4: Time evolution of the 2'2Bi events throughout the measurement.

Figure shows an exemplar measurement of 2!2Pb reduction after a cleaning procedure (with

acetic acid). Three different regions can be distinguished in the figure:
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1. The initial, orange interval (At;) at which the loaded, untreated sample is measured (blank),

with a total bismuth counting N4. The evolution follows the decay of 212Pb.

2. The intermediate, yellow interval (Ats) when the sample is undergoing the treatment and
the detector background is measured (over the same energy interval as before), with total

background counting Np.

3. The last, green interval (Ats) when the treated sample is again measured with an integral

bismuth counting N¢.

The background events cannot be related to 2!°Po, since these energy channels are rejected from
the beginning. Most likely, the lead gets desorpted from the PTFE surface into vacuum and then
attached to the diode. Such effect would imitate the result obtained already for 2'°Po discussed in
section Lastly, the surface of the sample tray itself facing directly the diode and which is in
direct contact with the loaded samples is also covered using an uncontaminated PTFE disc during
the recording of the background, to imitate the measuring conditions. This way we rule out the tray
surface as the source of the background.

The activities indicated in this section have been corrected for geometry efficiency. However,
given that the detector employed and the sample-diode distance were always the same, this correction

factors out in the calculation of the reduction factors.

We carried out two complementary analysis to compute the reduction factors and we outline

them below:

Analysis 1: total counts The green region in figure [£.4] reaches up to the fit line in order to
visually illustrate the missing signal area due to the reduction by the cleaning. The reduction factor

is computed as:

AL Ny ez — e

Ry=20 248 7€
Ag N{, eMo — Aty

(4.2)

where A = Appaiz = 235.4 57! is the decay constant of 22Pb; A{ stands for the initial activity
of the untreated sample and AOC for the activity of the clean sample at the same time point. We
obtain these quantities from the total number of counts, N’y and N(,, acquired during At; and Atz

respectively, by considering the integrals:

t1 , AA
Na=> na;= /t Afle M dt = TO [eMo — ] (4.3a)
t<t1 0
o C =\t Ag At At
NC:ZTLC,i:/t Aye” dt'zT[e 2 — e8], (4.3b)
t>to 2

and then correcting by subtracting background counts:
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Ny = Ny — NP, (4.4a)
Nj = No — N&. (4.4b)

Here NP (i = 1,3) stands for number of background counts during At;. These amounts are

extrapolated from the measured background counts, NP, during Aty: First, we compute AF at ¢,

as in equations (4.3)):

t2 AP
NE :/ ABe Mar = =2 [e‘”l - e_)‘t"’} ,

t A

and then the expected number of counts during Aty and Ats:

B B e AT Y pe M —e A
N3 :/ AO e dt’ = T [6 2—¢ 3] = N2 m7 (45&)
to
t1 , e—)\to _ e—/\tl
NB = [ ABe Mdt' = NP (4.5b)

2 __ _ )
to e Atq —e Ato

All uncertainties of N; are assumed to be poissonian.

Analysis 2: comparison to fitted line A second analysis based on the fitted decay function
was also employed to double-check the results. In this case the measured counts during the clean
stage, N¢., was compared to the total counts we expected from the decay function, Ny;:

t2 , Af
Ng = Afe M ay = 0 [emArtz et (4.6)
t1 >\f

where the subscript f refers to fit parameter. Then we apply the background correction, N, =
Ng — N2, and the reduction factor is given by:

Ng

Ry =L
2 N/Cv

(4.7)

This method led to a more precise reduction factor than the counting analysis for the mea-
surement of the strong nitric acid procedure, which for technical reasons, provided significantly
less statistics. However the first analysis is preferred for its robustness and independence of fitting

parameters.

4.5 Removal results

The measurement of the sample treated with the acetic acid procedure was exposed in figure
The rest of the procedures listed in section [£:3] led to the measurements gathered in figure In
the figure, only the reduction factors obtained by the first analysis are included. Table [ collects the

results from both methods.
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Table 4: Reduction factors of 2!2Pb cleaning procedures.

Procedure Counting method Fitting method
Acetic acid 11.8 £ 0.5 11.8 £ 0.6
HNO3 (6 mol/L) 38.4 + 12.2 30.1 £ 6.7
HNOs (5 %) 52403 52409
Ethanol dip 79 £0.2 7.5+ 0.3
Water 3.05 £ 0.04 2.88 +£ 0.07

Starting with the strong nitric acid procedure, its shorter duration led to limited statistics.
Furthermore, at this point of the study, the background was overestimated: The surface of the tray
in front of the diode, where the sample had been set, was not covered with a PTFE disc (as was
the case of the following background measurements). This surface would not be recorded with the
sample shielding it.

Regarding the water procedure, a sudden change of slope can be seen right after cleaning, which
remains above of a second fitted exponential. This could reflect a more efficient removal of lead than
of bismuth, thus the shorter half-life of the fit.

This study proves that nitric acid, on a high concentration, is an excellent solver of lead in
PTFE, with a reduction factor larger than 25 to a 1-sigma confidence. On smaller concentrations
it also removes efficiently a good amount of lead, as the result of the weaker (5%) HNO3 procedure
shows. It is also the case of the so-called acetic acid procedure, which also includes a solution of 1%
HNO3. By comparing the results of the latter to the former, we can conclude that, if such a weak
(1%) solution of nitric acid is used, the main removal work is done by either the acetic acid (1%) or
the hydrogen peroxide (3%). As we saw in the previous chapter, ethanol is also a effective solver,
slightly more so than highly dissolved HNO3. Additionally, ethanol is safer to handle. The reaction
of these chemicals must be compared to the effect of an immersion in ultra pure water. This last

result demonstrates that UPW removes a significant amount of lead from PTFE.
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In section we outlined the reduction of 2'°Po and 2'°Pb. By comparison with the results
collected in table we see that 212Pb is much more efficiently removed when comparing the same
procedures. An explanation was offered based on the change of shape of the 2!°Po peaks before and
after the treatments: polonium could be relatively easily removed from the samples surface but once
the bulk events became relevant, the procedures began to render unfruitful. The samples loaded
with 21°Po had spent some years inside the loading setup, time enough for 222Rn and its daughters to
diffuse inside the PTFE and be shielded therein from the chemicals. On the other side, the samples
studied in this chapter, loaded with 22°Rn, spent only some days, so the diffusion is not so evident.

The way to compare these diffusion effects is by carrying out again the shape analysis of the

212Bj peaks, which is the aim of next section.

4.6 Shape analysis

The peaks of 212Bi and 2'2Po were also analyzed in terms of its shape variation following the steps
outlined in section Figures [£.6] and [4.7] collect the combined data of the peaks before and after

the treatments as well as the distribution of the bin content residuals.

212Bj shape analysis
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Figure 4.6: Shape analysis of the 212Bi events before and after treatment.
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212pg shape analysis
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Figure 4.7: Shape analysis of the 22Po events before and after treatment.

Table 5: Average residuals along the peak distributions.

Disc 1 (21%Po) Disc 2 (2'°Po)  2!2Bi results

Left tail 1.23 £ 0.09 1.34 + 0.22 1.43 £ 0.25
FWHM 0.98 £+ 0.05 0.93 £+ 0.06 0.87 £ 0.12
Right tail 0.70 £ 0.06 0.74 £ 0.01 0.78 £ 0.19
Total 1.03 £ 0.20 1.02 £+ 0.26 1.06 + 0.33

Figure features a very similar effect as the one depicted in section [3.5f The left tail residuals
exceed the ones in the FWHM, which again hints to a migration of lead to the inner layers of the
material, as shown in table In the case of 2!2Pb we started from a relatively higher surface
concentration compared to 2'°Po, which would have already diffused to the interior. Given that
we are comparing the shape after the treatments here, bismuth was much more removed from the
surface, as the reduction factors proved too. Therefore, the residuals in the FWHM are much lower
with respect to the untreated state than in the case of 2'°Po, where we initially had relatively less
surface events to remove.

The comparison is even more evident in figure[4.8] where we overlap the combined data of treated
212Bj samples and treated 2'°Po. The mean channel of the latter were shifted to coincide with that
of the former before analyzing it. In the figure, a very significant swelling of the 21°Po left tail can
be noticed, specially in the part closer to the FWHM inferior limit (channels 185-190). The right
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tail is also visibly higher. This spreading of the peak is expected for a source contained deeper in

the material bulk, as anticipated.

210pg and 212Bj comparison
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Figure 4.8: Comparison of 2!2Bi and 2'°Po shapes.

This comparison was only sensible taking 2'2Bi as reference. 2!?Po has a right tail produced
by the alpha-beta decay depositions, as discussed in section [I.4] therefore the shape of the peak is
completely different to that of 2'2Bi.

Based on this analysis, the next logical step would be using the shape of the peaks to estimate
the distribution of the emitters in the material. To do so, the interaction of polonium and bismuth
with PTFE molecules in a determined depth range would be simulated. However, this simulation

does not fall in the scope of this work.

4.7 Conclusion

In this section we compared quantitatively the efficiency of several surface treatment procedures on
removing 2'2Pb. Most of them were also identical to those detailed in section We concluded
that nitric acid procedure greatly reduces the population of 2'2Pb in PTFE, especially in high
concentrations. Other effective alternatives include ethanol and the acetic acid procedure. We want
to remark that the latter does not only consist on acetic acid but also on a solution of 1% HNOs3
and 3% hydrogen peroxide.

By comparing the factors listed in table El to those in table [2| we resolved that 2'2Pb is much
easier to clean than 219Po and 2!1°Pb. Several factor can justify this difference: First, the 219Po-

loading of the samples took some years whereas the 2'2Pb-loading only lasted some days. The longer



the samples were exposed to radon, the deeper it could diffuse inside the samples. Moreover, the
different half-lives of the radon isotopes involved in the loading would also play an important. 22°Rn
decays in the range of seconds (Trp220 = 56 ), whereas 22Rn has a half-life of 3.6 days. As a noble
gas, radon barely interacts with any molecule so it carries out most of the diffusion. The longer it
takes before it decays, the deeper it can diffuse inside the PTFE. Indeed, from the shape analysis
outlined in section we concluded that the alphas were emitted by 2!°Po from a deeper layer of
the bulk than those emitted by 2'2Bi. Thus, the diffusion effects had been more significant in the

former.
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5 Summary and outlook

The radioactive noble gas 2??Rn is the main source of background in the XENONIT dark matter
experiment. One reason is the plate out of radon daughters onto the surface of detector materials,
such as PTFE. Subsequent decays of these isotopes can mimic dark matter signals due to limited
position reconstruction and partial signal loss at the detector’s wall. Therefore, minimizing this
background source is crucial to improve the sensitivity of upcoming experiments. In this thesis we
investigated different cleaning procedures for their capability to remove radon daughters from PTFE

surfaces.

In order to measure the activity of radon daughters on PTFE samples two alpha spectrometers
were employed. Their main component is a silicon PIN diode. Radon daughters emit alpha-particles
from the surface of the PTFE samples which reach the diode. The detection efficiency of both
spectrometers were determined by means of Monte Carlo simulations, finding efficiency factors of
0.136 4+ 0.002 and 0.151 4+ 0.002, respectively. The detector response was calibrated and was found
to be linear with the emitted alpha energies in the region of interest. The background of the detectors
due to long lived radon daughters implanted into the diodes in previous measurements was quantified

and regularly monitored.

In chapter [3| we studied the removal of 2!°Po from PTFE samples which had been exposed to
radon enriched air for several years. Different standard cleaning procedures were tested such as
ethanol wiping, ethanol immersion and other procedures based on HNO3. The latter consisted on
immersion and sonication of the PTFE samples in nitric acid followed by rinsing with de-ionized
water and drying by means of nitrogen blowing. Thereby we studied also the effects of different acid
concentrations, temperatures or duration of the cleaning baths.

The effect of the cleaning procedures was quantified by measuring the 2!°Po reduction on the
sample’s surface. The determined reduction factors are gathered in table Typically a 2°Po
reduction by a factor of two was found after several cleaning steps.

In addition, the removal efficiency of 21°Pb was probed. Since the employed spectrometers cannot
measure low energetic beta decays, the cleaning of 2'Pb was inferred from the evolution of the 2'°Po

activity over months. The obtained reduction factors were similar to those of 21°Po.

In chapter [d] we shifted our focus to the plate out of 2°Rn daughters. The short half-lives within
the 22°Rn decay chain facilitates the study of 2'2Pb removal more directly with respect to 2!°Pb
where an activity monitoring over months is necessary. In the case of 2'2Pb, the activity can be
determined via its daughter isotopes 2!?Bi and ?!2Po which undergo alpha-decays. Further PTFE
samples were loaded with ?2°Rn daughters in a dedicated setup. For a direct comparison, the same
cleaning procedures as tested for 2'°Po removal were investigated. But also new procedures have
been tested, for instance one based on acetic acid and a mixture of HNO3 and H5O»5.

Two complimentary methods were used to analyze the 2!2Pb reduction factors. Those were

noticeably greater than obtained for 2!Po and 2!°Pb as can be seen from comparing tables 4] and
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The so-called weak HNO3 procedure achieved a reduction factor of 5.2 & 0.3, while the so-called
strong HNOg3 procedure achieved a reduction larger than 25.

An explanation for the more efficient removal of 2'2Pb compared to 2!°Pb was found when
analyzing the peak shapes of the subsequent alpha decays of 2'2Bi and 2'°Po, respectively. In case
of 219Po the larger tailing towards lower energies indicates that the 222Rn daughters had reached
deeper layers underneath the surface. This might be caused by diffusion over long time enabled
by the long half-life of 2'°Pb. Since the cleaning procedures effect only the radon daughters at the

surface, the removal was more efficient in case of 212Pb.

This study provides guidelines on how to treat PTFE surfaces for radon-daughters removal. Sev-
eral cleaning agents have been tested and their capability has been investigated. These procedures,
however, might have side effects. The chemicals used might cause outgassing from the PTFE and
compromise the purity the xenon target in the detector. Mass spectroscopy can be carried out to
examine the outgassing composition of a sample after being treated. Together with a double-phase
xenon TPC to imitate the conditions of the XENON detectors, the effective impact of the outgassing
of PTFE could be quantified.
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