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Zusammenfassung

Die Beobachtung von Neutrino-Oszillationen lässt den Schluss, dass Neutrinos eine endliche Mas-
se haben, zu. Dies hat weitreichende Konsequenzen in der Kosmologie und auch für Modelle, die
die Masse von Elementarteilchen erklären. Die Kenntnis der absoluten Neutrinomasse erlaubt es
diese Modelle einzuschränken. Deshalb ist es wichtig, die absolute Massenskala der Neutrino-
masse direkt und modell-unabhängig zu bestimmen. Die Neutrinomassen-Experimente in Mainz
und Troitsk haben die beste obere Grenze der Neutrinomasse in den 1990er Jahren bestimmt
mν̄e < 2 eV/c2. Beide nutzen MAC-E1 Filter zur Energiebestimmung.

Das Karlsuher Tritium Neutrino (KATRIN) Experiment ist ihr Nachfolge-Experiment und be-
nutzt einen MAC-E Filter mit unerreichter Genauigkeit. Die Sensitivität soll auf mν̄e < 0.2 eV/c2

(90 %C.L.) erhöht werden. Diese ambitionierte Zielsetzung erfordert insbesondere einen niedri-
gen Untergrund von weniger als 1 Ereignis in 100 Sekunden (10 mcps). Ein Teil des vorhandenen
Untergrundes wird von Elektronen, die bei dem α-Zerfall von Radon entstehen, verursacht. Die
NEG2 Drähte, welche den Druck im Spektrometer auf den Ultrahochvakuumbereich reduzieren,
(10−11 mbar) wurden als Quelle von 219Rn identifiziert. Außerdem ist es möglich, dass zusätz-
lich 220Rn von den Schweißnähten des Hauptspektrometers emaniert. Um diesen Untergrund zu
reduzieren, wurden mit flüssigem Stickstoff gekühlte Kupfer-Baffles in das Spektrometer einge-
baut. Sie fungieren als Kühlfalle, was zu einer Reduktion der Radon-Zerfälle im sensitiven Fluss-
schlauchvolumen führt. Da die mittlere Verweildauer des Radon-Atoms auf dem Baffle stark tem-
peraturabhängig ist, sind über lange Zeit stabile tiefe Betriebstemperaturen erforderlich, um das
Baffle effizient als Kühlfalle für Radon betreiben zu können.

Im Rahmen dieser Arbeit wurde das System, das die Baffle mit flüssigem Stickstoff versorgt für
den Betrieb bei 18.6 keV einsatzbereit gemacht. Des Weiteren, wurde die Abhängigkeit der Unter-
drückungseffizienz von Radon-induziertem Untergrund von der mittleren Verweildauer simuliert.
Abschließend wurden Messungen der Unterdrückungseffizienz des Radon-induzierten Untergrun-
des durch die stickstoffgekühlten Kupfer-Baffles ausgewertet.

In Kapitel 3 werden die Hochspannungs-Trenner für die Stickstoffversorgung der Baffles wurden
erfolgreich in den Aufbau des Spektrometers integriert. Damit ist es möglich die Kupfer-Baffles
auch während Hochspannungsmessungen bis −18.6 kV kontinuierlich mit flüssigem Stickstoff zu
kühlen.

In Kapitel 4 wird die Numerische Simulation und die Monte-Carlo-Simulation erlauben es, den

1Magnetic Adiabatic Collimation combined with an Electrostatic
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vi 0. Zusammenfassung

Einfluss der mittleren Verweildauer auf die Unterdrückungseffizienz von Radon durch die Baffles
zu untersuchen. Die beiden Modelle liefern vergleichbare Ergebnisse.

In Kapitel 5 wurde die Unterdrückungseffizienz von Radon-induziertem Untergrund durch stick-
stoffgekühlte Kupfer-Baffles untersucht. Hierfür wurden während der zweiten SDS3 Inbetrieb-
setzung sowohl Untergrundmessungen als auch Messungen mit einer zusätzlichen 220Rn Radon-
Quelle bei erhöhtem Druck (10−8 mbar) vorgenommen. Dies erlaubt es den Radon-induzierten
Untergrund von anderen Einflüssen zu trennen. Die NEG-Drähte sind die dominante Quelle von
Radon im Hauptspektrometer. Außerdem ist der verbleibende Radon-induzierte Untergrund bei er-
höhtem Druck (27± 3) mcps. Außerdem verbleibt ein Untergrund von (564± 2) mcps, der nicht
auf Radon zurückzuführen ist. Die Identifizierung und Entfernung dieses Untergrundes ist von au-
ßerordentlicher Bedeutung. Im Moment untersucht die KATRIN-Gruppe, ob Wasserstoff-Atome
in hochangeregten Rydberg-Zuständen die Ursache dieses Untergrundes sind. Die Messungen mit
einer zusätzlichen Radon-Quelle bestätigen den von den Simulationen bereits erwarteten Zusam-
menhang zwischen Temperatur und Unterdrückungsrate.

Der Vergleich zwischen Simulationen und Messergebnissen zeigt nur geringe Abweichungen un-
ter der Annahme einer mittleren Verweildauer von (60± 20) s. Diese Übereinstimmung bestätigt
insbesondere die Korrektheit der Simulationen.
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Abstract

With the observation of neutrino oscillations it was established that neutrinos are not massless.
This has not only far-reaching consequences for cosmology but also for the nature of mass as
the neutrino mass is small compared to the masses of other elementary particles. The absolute
neutrino mass allows to restrict mass models. Therefore, it is of importance to determine the
absolute neutrino-mass scale in a direct and model-independent way. To date, the best upper limits
are given by experiments performed in Mainz and Troitsk in the 1990s: mν̄e < 2 eV/c2. Both
utilised the MAC-E4 filter technique.

The Karlsruhe Tritium Neutrino (KATRIN) experiment is their successor and utilises a spectrome-
ter based on the MAC-E filter technique with unprecedented accuracy. Its goal is the improvement
of the sensitivity to mν̄e < 0.2 eV/c2 (90 %C.L.). This ambitious goal requires, in particular, a
background level lower than 0.01 events per second. A part of the currently observed background
originates from electrons accompanying the α-decay of radon. The NEG5 strips which provide
the required ultra-high vacuum (10−11 mbar) in the spectrometer have been identified as a source
for 219Rn. Moreover, it is possible that the welds of the spectrometer emanate 220Rn. In order
to suppress this background liquid-nitrogen cooled copper baffles have been incorporated in the
KATRIN design. They are able to cryosorb radon, thus, reducing the fraction of radon decays in
the sensitive spectrometer volume. The mean desorption time is dominated by the operating tem-
perature which makes liquid-nitrogen temperatures under stable long-term conditions necessary.

In the scope of this thesis the liquid-nitrogen supply system was implemented for permanent op-
eration at high voltage of up to −18.6 kV. Secondly, simulations which study the dependency
of the radon suppression of the mean desorption time are investigated. Lastly, measurements of
the suppression efficiency of the radon-induced background by the liquid-nitrogen cooled copper
baffles are evaluated.

In chapter 3 the technical setup of the high-voltage separators of the liquid-nitrogen supply system
for the baffles is discussed. It is shown that they were implemented successfully for retarding
potentials of up to −18.6 kV. This allows continuous high-voltage measurements with the baffle
system operating at liquid-nitrogen temperatures.

In chapter 4 simulations and analyses of the radon-induced background and its suppression are
evaluated. The Numerical Simulation and the test-particle Monte-Carlo simulation allow to study
the dependency of the suppression efficiency on the mean desorption time. The models yield
similar results.

4Magnetic Adiabatic Collimation combined with an Electrostatic
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viii 0. Abstract

In chapter 5 the suppression efficiency of radon-induced backgrounds by the liquid-nitrogen cooled
copper baffles is studied. During the second SDS6 commissioning phase both background mea-
surements and measurements with an additional 220Rn source were taken at elevated pressures
(10−8 mbar). This allows to separate radon-induced backgrounds from other background compo-
nents.

It is shown that the dominant radon source are the NEG strips mounted in the pump ports of the
spectrometer. Furthermore, the maximal suppression of radon-induced decays is 97+2

−3 % with
two of three getters integrated into the system. The remaining radon-induced background is
(27± 3) mcps which is still a factor of 3 more than the design limit. At elevated pressure the
remaining background which does not originate from radon is (564± 2) mcps. The identifica-
tion of this background is of the utmost importance. At the moment hydrogen atoms excited into
high-energetic Rydberg states are considered by the KATRIN collaboration. The measurements
with an additional radon source confirm the expected characteristics of the cryosorption. Lastly, a
comparison between the simulations and the analysis shows little deviations for desorption times
on the order of (60± 20) s.

6Spectrometer and Detector Section
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1.1 Data for neutrino oscillations at Super-Kamiokande The dots with error bars
are measurement points, the hatched regions are the expectation without neutrino
oscillations and the dashed line is the expectation for neutrino oscillations with
∆m2 = 2.2 · 10−3 eV2 and θ = 45◦. The asymmetry U−D

U+D is plotted against the
momentum of the particle. U is the number of upwards going particles while D
is the number of downwards going particles. At the top electron-like events are
plotted. In the bottom left fully contained myon-like events are plotted while in
the bottom right partially contained events are plotted. Picture taken from [Fuk98a]. 6

1.2 Hierarchical model of neutrino masses On the left hand side the normal mass
hierarchy can be seen. On the right hand side the inverted mass hierarchy can
be seen. The absolute scale of lowest mass is not known yet. Picture taken from
[KL13]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Double β-decay. Left hand side: 2νββ-decay: Two neutrons decay simultane-
ously into a proton, an electron and an electron anti-neutrino. Right hand side:
0νββ-decay: Two neutrons convert into two protons and two electrons (e−) and
exchange a Majorana neutrino. . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.4 Double β-decay. Left hand side Sketch of mass parabolas for A = const. The
possible decays are indicated. In principle all instable nuclei can decay via 2β-
decays, but observation is only possible for nuclei where the conventional (pre-
ferred) β-decay is forbidden (indicated in red). Right hand side Energy spectrum
of the two emitted electrons of both 0νββ (dashed line) and 2νββ (solid line).
Figure adapted from [EV02]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.5 The β-decay. Left hand side: The Feynman diagram of the β-decay is shown.
A neutron decays into a proton and emits an elecron and an electron antineutrino.
Right hand side: The end-point of the energy spectrum of the β-decay is shown.
Picture taken from [Sch09]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.1 Sketch of the electromagnetic fields in the KATRIN main spectrometer. The
KATRIN main spectrometer forms an electrode for the electric field (green). The
magnets located next to the openings of the main spectrometer create strong mag-
netic fields (blue) in their centres. Electrons gyrate around the magnetic field lines
(red). Because of the gradient of the magnetic field the orientation of the electron
momentum is forced to be more parallel to the magnetic field at the centre of the
spectrometer (red arrows at the bottom). The picture is inspired by [KAT05]. . . 14
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2.2 Setup of the KATRIN experiment. The setup of the KATRIN experiment can be
divided into four subsections. The source section which consists of the rear sec-
tion (RS) and the windowless gaseous tritium source (WGTS). The RS monitors
the activity of the WGTs. The WGTS provides a stable column density of tritium
molecules in the source. The resulting electrons are guided through the transport
section consisting of the differential pumping section (DPS) and the cryogenic
pumping section (CPS) by magnetic fields. The transport section transmits elec-
trons but traps tritium. The electrons are transmitted to the pre-spectrometer (PS)
and the main spectrometer (MS) which filter electrons with energies below a cho-
sen energy threshold. The transmitted electrons originating from tritium β-decay
are guided to the focal-plane detector (FPD) and detected. Picture taken from
[Sch14]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3 Sketch of the KATRIN main spectrometer. A schematic drawing of the KA-
TRIN main spectrometer with the pump ports and the focal plane detector shows
the sensitive volume for different magnetic settings denoted by the magnetic field
B in the analysing plane (orange: 3.8 G, green: 5 G and light blue 9 G). Ad-
ditionally, the position of the NEG strips (blue) and of the baffle (red) is shown
exemplary. Modified version of a picture from [Sch14, p 43]. . . . . . . . . . . . 18

2.4 Pictures of the baffle and the NEG strips. On the left-hand side the pump port
with a baffle consisting of V-shaped copper plates is shown. On the right-hand side
the NEG strips of the getter are shown. The photographs are adapted from [Goe14]. 19

3.1 Magnetron drift and gyration of an electron in a magnetic field. Left hand
side: The magnetron drift leads to a rotation of the guiding centre of the elec-
tron around the symmetry axis of the MAC-E filter. Right hand side: Electrons
in a magnetic field gyrate due to the Lorentz force. With an additional drift the
trajectory of the electron resembles a corkscrew. . . . . . . . . . . . . . . . . . . 24

3.2 Motion of a charged particle in a MAC-E filter The motion of charged parti-
cles in an electromagnetic field can be explained by the superposition of gyration,
magnetron drift and confinement in a magnetic bottle. The gyration is a rotation
around the guiding centre which is parallel to the magnetic field lines. The mag-
netron drift is a rotation of the guiding centre around the symmetry axis of the
MAC-E filter. The magnetic bottle consists of two mirrors, which a stored particle
cannot pass. The picture is taken from [Bar14]. . . . . . . . . . . . . . . . . . . 25

3.3 Sketch of electron emission accompanying the α-decay of 219Rn and 220Rn.
219Rn decays into 215Po and 220Rn decay into 216Po. During the α-decay of
radon electrons are emitted. There are shell reorganization electrons, shake-off
electrons, atomic relaxation electrons and internal conversion electrons. For each
process the magnitude of the electron energy is given. Modified figure from [Mer12]. 26

3.4 Sketch of the KATRIN main spectrometer including the NEG pumps. (a) The
positions of the one of the NEG-pumps is shown (blue). In addition, the baffle is
shown (green). (b) The liquid-nitrogen cooled copper baffle blocks the direct line
of sight between the NEG strips and the main spectrometer. (c) The NEG material
adsorbs hydrogen thus pumping the spectrometer. In addition, radon atoms desorb
from it. Figure taken from [Goe14] . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.5 NEG strips. Left hand side: The NEG strips in one pump port are shown. Picture
provided by H. Frenzel. Right hand side: The porous surface of the NEG material
can be seen. The picture was taken with a scanning electrode microscope at the
LEM of KIT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
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3.6 The pump ports of the main spectrometer are depicted. The three pump ports
of the main spectrometer are depicted. All pump ports include a baffle while only
pump ports 2 and 3 include NEG strips to obtain a better understanding of the
source of the radon-induced background. . . . . . . . . . . . . . . . . . . . . . . 30

3.7 Desorption time in dependency of the temperature. The mean desorption time
of radon is shown for surfaces of ice (magenta), oxidised copper (blue) and pure
copper (red). In addition, ten times the half-life of both 219Rn and 220Rn are
shown (cyan). Desorption times longer than ten times the half-life of the isotope
are suppressed as well as the setup allows. . . . . . . . . . . . . . . . . . . . . . 31

3.8 Sketch of the liquid-nitrogen supply system. The liquid-nitrogen supply system
consists of three crucial parts: the supply tank, the valve box and the high voltage
(HV) separators. Furthermore, it includes four valves to regulate the gas flow from
the liquid-nitrogen supply tank to the valve box (V4), and from the valve box to the
baffles (V1, V2, V3). The valve box distributes the liquid-nitrogen to the baffles
and controls the flow to each one separately. The HV-separators are designed to
insulate the valve box from the main spectrometer. This sketch is inspired by
[Goe14, p124]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.9 Setup of the HV-separator. The HV-separator has 6 openings. 4 openings are
reserved for the liquid-nitrogen supply lines and 1 opening is reserved for the
TMP creating a vacuum (p < 10−5 mbar). Furthermore there is a pressure relieve
covered with a rupture disk to prevent critical pressures. The two inner insulators
integrated in the liquid-nitrogen supply line are enclosed by an outer ceramic. . . 33

3.10 Setup of the HV-separator for the determination of the breakdown voltage.
For the testing procedure the setup of the HV-separator is simplified by replacing
the T-piece by a bent pipe. The high voltage is applied to the lower part of the
HV-separator reflecting the future setup. When a breakdown occurs a current flow
ensues. The leakage current is assessed by measuring the voltage drop at a resistor.
In addition a glow lamp for over-voltage protection and a capacitor to suppress
transients are connected in parallel. A voltmeter and a recorder which records the
voltage on paper are used to monitor the leakage current. . . . . . . . . . . . . . 35

3.11 The GFP insulator. One glass fibre-reinforced plastic insulator is shown. The
flanges are made for indium seals. . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.12 The insulator from Allectra. The insulator from Allectra is made of ceramics
(Al2O3). top: The ceramics are enclosed by two metal pipe sections. The triple-
junction is at the intersection of the metal and the insulator. The brazing of the
metal to the ceramics poses significant design disadvantages as the triple junction
is right at the end of this dent. bottom: Triple junction covered with teflon tape.
The teflon tape is held in place by cable ties. . . . . . . . . . . . . . . . . . . . . 37

3.13 COMSOL Multiphysics simulations of the electric field strength. The electric
field is critical for the breakdown voltage. Two scenarios are simulated. Top: The
ceramic with the electrodes having a dent at the boundary between the electrode
and the ceramic is shown. In addition, a zoom on the dent is shown with the
electric field in V

m as an overlay Bottom: The ceramic with additional copper
rings shielding the dents is shown with a zoom on the boundary between the guard
ring and the electrode. The maximal electric field is reduced roughly by a factor
of 2. These simulations were performed in close cooperation with Alexander Jansen. 38

3.14 The GFP insulator. The insulators of the Babcock Noell GmbH. The triple junc-
tion is recessed to prevent voltage breakdowns. . . . . . . . . . . . . . . . . . . 39
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1

1. Neutrino Physics

This chapter is a short overview of the field of neutrino physics. Firstly, the discovery of radioac-
tivity, the postulation of the neutrino by Pauli and its discovery are discussed (see section 1.1).
Secondly, neutrino oscillations are explained and the consequences for neutrino masses are dis-
cussed (section 1.3). As the mass is still unknown, experiments try to determine the neutrino mass
with different approaches (see section 1.4). This thesis is a part of one of these experiments, the
KATRIN experiment.

1.1 Radioactivity and the discovery of the neutrino
1.1.1 Discovery of the β-decay
The discovery of radioactivity by Antoine Henry Becquerel in 1896 followed up by research of
Marie and Pierre Curie earned them a Nobel Prize in 1903 [Nob03]. Soon, Ernest Rutherford
discerned two dissimilar kinds of radioactivity due to different penetration depths and ionization
characteristics and labelled them α- and β-decay [Rut99]. Furthermore, Becquerel discovered that
the particles emitted by β-decays are electrons [Bec00]. Eventually, Soddy and Fajans discovered
the transition of the parent radionuclide to another element during decays [Sod13] [Faj13]. When
all this knowledge is put together a first concept for β-decays can be established:

A
ZX →A

Z+1 Y + e−. (1.1)

1.1.2 Postulate of the neutrino
However this formula is not complete yet since the β-decay has a continuous spectrum [Cha14].
This is a huge problem because energy and momentum conservation demand that the energy of
the electron should be discrete for a decay into one additional particle. Furthermore, the angular
momentum is not conserved either. The ensuing three decades of discussion included the correct
solution by Pauli in 1930. As a desperate way out of this dilemma, he proposed the existence of an
additional spin-1

2 -particle that is produced during the β-decay and is not detected easily [Pau30].
A
ZX →A

Z+1 Y + e− + ν̄e (1.2)

This allows both energy conservation and a continuous spectrum of the electron because of the
kinematics of the decay into three particles. Neutrino, the final name for this new particle, was
popularised by Fermi which means the little neutron. Fermi also formulated a theory describing
the interaction as a point-like interaction between four fermions. He also discussed the mass of
the neutrino and concluded that its mass is small and assumed that it vanishes [Fer34]. The very
low probability of neutrino interactions makes the direct detection of neutrinos very challenging
[BP34].
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1.1.3 Evidence of neutrinos

The electron-anti-neutrino

The technological progress during the Second World War included the development of a novel
technology: the development of nuclear reactors by Fermi, Szilárd and co-workers [Fer46]. This
opened up new possibilities to detect neutrinos originating from the abundance of nuclear decays
in the reactor. As a means to detect neutrinos the detector was shielded against other particles
originating from the reactor. The Hanford experiment by Cowan and Reines was promising but
despite the good suppression of background originating from the reactor, the signal was superim-
posed by background due to cosmic particles [RC97]. So Cowan and Reines began to work on
project Poltergeist which included a measurement technique to get rid of the cosmological back-
ground [RC97]. Their setup is based on the detection of inverse beta decay via the interaction with
a proton:

p + ν̄e → n + e+ (1.3)

Their setup is based on three chambers filled with liquid scintillator. There were water tanks
between those chambers in which cadmium chloride was dissolved. The general detection process
consists of three steps:

• The incoming neutrinos interacts with the hydrogen in water because the two hydrogen
atoms of a water molecule have a comparatively large cross section for neutrino reactions.

• The produced positron (e+) annihilates with an electron within a fraction of a microsecond
and produces two mono-energetic γ-rays which are detected via the scintillators at the top
and the bottom of the water tank. If they arrive less than 0.2 µs apart and match the expected
energy (between 200 and 600 keV) they are accepted as signal and the search for a neutron
capture is initiated for 30 µs .

• Cadmium has a high cross section for neutron capture. This process results in an excited
state. The disexcitation is accompanied by the emission of several γ rays which are again
detected by the scintillators.

With this setup it was finally possible to gain a sufficient signal to background ratio and to prove
the existence of the neutrino.

The myon-neutrino and the tau-neutrino

The myon-neutrino νµ was first postulated in the early 1940s (as neutretto) [AH38]. It was dis-
covered in 1962 by Ledermann, Steinberger and Schwartz at the Alternating Gradient Synchrotron
(AGS) [Dan62].

After the discovery of the τ in 1975 by [Per75] the existence of the τ -neutrino ντ was already
implied. The evidence for τ -neutrinos was found with the DONUT-experiment at the Tevatron
[Kod01].

1.2 Neutrinos in the standard model
The standard model (SM) uses relativistic quantum field theory to describe the composition and
interaction of matter and is based on the idea of indivisible elementary particles. It incorporates
three of the fundamental interactions: the strong, the electromagnetic and the weak interaction
but fails to include the gravitation. The elementary particles can be divided into gauge bosons and
fermions. Gauge bosons are the carriers of the interactions: The gluon (g) transfers the strong force
between particles with colour, the photon (γ) transfers the electromagnetic force between charged
particles, and the W± and the Z0 transfer the weak interaction between fermions. Fermions can be
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separated into quarks and leptons based on the interactions in which they can participate. Quarks
behave according to both the strong and the electroweak interaction while the leptons only in-
teract via the electro-weak interaction. Additionally, there are corresponding antiparticles for all
fermions. In order to allow for non-zero masses of the gauge bosons W± and Z0 the Higgs mech-
anism was introduced [And63] [Hig64] [EB64] [Gur64]. This theory includes the prediction of (at
least) one massive scalar boson - the Higgs boson. A candidate with mass (125.6± 0.3) keV was
found with the detectors CMS and ATLAS at the LHC [Ber12].

In the standard model the neutrinos νe, νµ and ντ are included as massless, uncharged fermions
with spin 1

2 h̄ which can only interact via the weak interaction. Neutrinos have a helicity h which
describes the orientation of the spin relative to the momentum. The helicity of neutrinos was first
measured by Goldhaber to be h = −1.0 ± 0.3 [Gol58]. In fact all experiments performed are
consistent with h = −1 for neutrinos and h = +1 for antineutrinos [Pov14].

h =
~s · ~p
|~s| · |~p|

=

{
−1, ν

+1, ν̄
(1.4)

If the neutrino was massive a reference system could be found in which the direction of the mo-
mentum would be opposite and thus helicity would change its sign. Only for particles with very
small or even vanishing masses the occurrence of only one helicity is expected. Since Goldhaber
found only one helicity the neutrino mass was assumed to be zero. Based on these findings a the
V-A-theory was developed which was later incorporated into the SM [FGM58].

Furthermore, there is no additional SM fourth neutrino with a mass mν <
m(Z0)

2 which can
interact via the weak interaction. The reason is the width of the Z0-peak measured by ALEPH
which constricts the neutrino number to 2.9840 ± 0.0082 [ALE06]. However, the SM neutrinos
have one flaw: Neutrino oscillations have proven that they have mass.

1.3 Discovery of neutrino oscillations
Neutrino oscillations have been first discussed by Pontecorvo [Pon57]. Proof of this theory how-
ever was difficult. A first indication of neutrino oscillations were the discrepancies between the
data taken at Homestake and the calculations from the solar model. Neutrino oscillations were first
observed by detecting atmospheric neutrinos at Super-Kamiokande. In order to allow for neutrino
oscillations neutrinos need to have mass. This implies that the minimal SM is not correct and has
to be modified. These modifications may lead to new physics such as the addition of particles or
dimensions.

1.3.1 A model for neutrino oscillations
The first model for neutrino oscillations was developed by Maki, Nakagawa and Sakata [Mak62].
Their concept is based on the idea that the eigenstates of the weak interaction νe,νµ and ντ are
not equal to the mass eigenstates ν1,ν2 and ν3. They proposed that the eigenstates of the weak
interaction are admixtures of the mass eigenstates: νe

νµ
ντ

 =U ·

 ν1

ν2

ν3

 (1.5)

U =

 c12c13 s12c13 s13e
−iδCP

−s12c23 − c12s23s13e
iδCP c12c23 − s12s23s13e

iδCP s23c13

s12s23 − c12c23s13e
iδCP −c12s23 − s12c23s13e

iδCP c23c13


·

 1 0 0

0 ei
α21

2 0

0 0 ei
α31

2

 (1.6)
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Here cij signifies cosθij for i, j ∈ {1, 2, 3} and sij = sinθij for i, j ∈ {1, 2, 3}. U is called
the PMNS matrix and can be described with three mixing angles θ12, θ13 and θ23 and additional
CP-violating phases δCP , α21 and α31 [Oli14]. If the neutrinos are dirac particles only δCP is
used in order to describe CP-violating processes. It is possible that neutrinos are their own anti-
particles. Particles with this property are called Majorana particles after Ettore Majorana [Maj37].
If neutrinos are Majorana particles all three CP-violating phases are needed.

The most simple case of neutrino oscillations describes the mixture of two neutrinos without CP-
violation. Then 1.5 and 1.6 become simple:(

να
νβ

)
= Ũ ·

(
ν1

ν2

)
(1.7)

Ũ =

(
cosθ sinθ

−sinθ cosθ

)
(1.8)

where Ũ is the modified mixing matrix and α, β ∈ {e, µ, τ}. This simplification makes it easy to
calculate the transition probability between two states ([Zub11])

P (να → νβ) = 1− P (να → να) = sin2 (2θ) · sin2

(
∆m2

4

L

E

)
(1.9)

with the transition probability P, ∆m2 = m2
2−m2

1, the energy of the particle E, and the oscillation
length L. Within this model neutrino oscillations can only occur if θ 6= 0 and at least m1 6= 0 or
m2 6= 0. This means that the existence of neutrino oscillations within this model requires massive
neutrinos.

1.3.2 Neutrino oscillations in experiments

The Homestake experiment

The observation of the oscillations however was not simple and included the idea of utilizing the
sun as a source of νe and reliable calculations of the expected solar neutrino production [Bah63]
[BD76].

The first indication of neutrino oscillations was observed at the Homestake experiment [Dav79]
[Cle98]. The detection principle is based on the inverse β-decay induced by neutrinos originating
from the sun. The experiment utilized the chlorine from 615 t of tetrachlorethylene (C2Cl4) for
this process.

νe + n→ e− + p (Eνe ≥ 0.814 MeV) (1.10)

νe +37Cl→ e− +37Ar (1.11)

When the number of 37Ar reaches equilibrium it is purified and put into a proportional counter.
There the electron capture of 37Ar is detected.

e− +37Ar→37 Cl∗ + νe

(
T 1

2
= 35.011 d

)
(1.12)

37Cl∗ →37 Cl + e− (1.13)

However other processes such as muons from cosmic rays can produce 37Ar, too. A low back-
ground in order to observe the signal is needed. Both passive shielding and criteria for the signal
function to be accepted were used to suppress this contribution [DHH68] [Cle98]. The measure-
ments compared to the theories yielded [Bah95] [Cle98].

R = (2.56± 0.32) · 10−36 1

s target atoms
(Homestake Experiment) (1.14)

R = (9.3± 1.3) · 10−36 1

s target atoms
(Prediction) (1.15)
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The results showed a significant deficit of the νe flux of about 70%. This difference can either be
explained by mistakes in the experimental setup and the model of the sun or by neutrino oscilla-
tions.

Super-Kamiokande

Super-Kamiokande is an underground C̆erenkov detector with a fiducial volume of 22.5 kt of pu-
rified water surrounded by about 11000 photomultiplier tubes (PMTs) [Fuk98a]. On the one hand
Super-Kamiokande was able to confirm the solar neutrino deficit already observed by the Homes-
take experiment [Fuk98b]. On the other hand Super-Kamiokande was able to detect atmospheric
neutrinos via charged current interactions [Fuk98a].

νe +N → e− +X ν̄e +N → e+ +X (1.16)

νµ +N → µ− +X ν̄µ +N → µ+ +X (1.17)

Here N denotes a nucleus and X represents hadronic components resulting from the interaction.
Atmospheric neutrinos are neutrinos which are produced in the atmosphere during the decay of
pions which are produced by an interaction between hadrons of cosmic rays and nuclei of the
atmosphere [Fuk98a].

π+ → µ+ + νµ → e+ + ν̄µ + νe + νµ (1.18)

Neutrinos traversing the detector downwards have only passed the atmosphere (15 km) while neu-
trinos moving upward have traversed the earth (13 000 km). For neutrino oscillations on the length
of the diameter of the earth a upward-downward asymmetry of the neutrino-induced events is ex-
pected. The Super-Kamiokande detector was indeed able to detect such an asymmetry [Fuk98a].
The results can be seen on the bottom left hand side of figure 1.1. The up-down-asymmetry is only
significant for higher momenta of the myons because the correlation between the direction of the
neutrino and the produced myon gets better for increasing momentum. No corresponding surplus
can be seen for electron-like events (top of figure 1.1) which means that νµ → νe oscillations are
not responsible for this reduction. This was interpreted as νµ oscillations into either ντ or sterile
neutrinos [Fuk98a].

Neutrino oscillation parameters

Many experiments have measured neutrino oscillation parameters since then. The resulting pa-
rameters are compiled in table 1.1.

Table 1.1: Oscillation parameters. The oscillation parameters for normal hierarchy are sum-
marised. The results are taken from [Cap14].

Parameter Best fit and 1σ interval
∆m2

21

(
7.54+0.26

−0.22

)
· 10−5 eV2

∆m2
32

(
2.43+0.06

−0.06

)
· 10−3 eV2

sin2θ12 0.308+0.017
−0.017

sin2θ13 0.0234+0.0020
−0.0019

sin2θ23 0.437+0.023
−0.033

Neutrino mass scale

In spite of the advances in neutrino physics several issues remain and are not answered yet. Two
problems are the order of the neutrino masses and the absolute mass scale. This cannot be de-
termined by oscillation experiments because the square of the mass differences of two neutrinos
determines the oscillations. The sign of the mass difference on the other hand does not impact the
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Figure 1.1: Data for neutrino oscillations at Super-Kamiokande The dots with error bars are
measurement points, the hatched regions are the expectation without neutrino oscil-
lations and the dashed line is the expectation for neutrino oscillations with ∆m2 =
2.2 · 10−3 eV2 and θ = 45◦. The asymmetry U−D

U+D is plotted against the momentum
of the particle. U is the number of upwards going particles while D is the number of
downwards going particles. At the top electron-like events are plotted. In the bottom
left fully contained myon-like events are plotted while in the bottom right partially
contained events are plotted. Picture taken from [Fuk98a].
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Figure 1.2: Hierarchical model of neutrino masses On the left hand side the normal mass hier-
archy can be seen. On the right hand side the inverted mass hierarchy can be seen.
The absolute scale of lowest mass is not known yet. Picture taken from [KL13].

oscillations and thus cannot be measured via oscillations. Three different scenarios are possible:
the normal hierarchy, the inverted hierarchy and the quasi-degenerate mass hierarchy. Quasi-
degenerate order implies that the neutrino masses are similar: mν1 ≈ mν2 ≈ mν3 while hierar-
chical order implies that the masses differ significantly. The normal hierarchy is the scenario in
which m1 < m2 � m3 holds. The inverse of this order is m3 � m1 < m2 and is called the
inverse mass hierarchy. The normal and inverted scenarios are depicted in figure 1.2.

1.3.3 Implications for the SM

Neutrino masses can in principle be added to the SM by treating neutrinos like the other fermions.
However, this requires a chiral right handed neutrino singlet. Additionally, because of the tiny
neutrino mass the Yukawa coupling of the neutrinos to the Higgs field would have to be much
smaller than the other couplings [Zub11].

An alternative are neutrinos with Majorana character. However the resulting term cannot be nor-
malized and does not conserve B−L with the baryon number B and the lepton number L [Kli13].
Additionally neutrino masses can be explained by new physics such as extra dimensions [Ark01]
or SUSY [Cas00].

Within the SM it remains difficult to explain why the mass of the neutrinos is so small. This is
possibly related to "a new fundamental mass scale and thus to new physics beyond the Standard
Model" [Oli14]. Therefore, neutrino physics is a promising candidate to gain insight into physics
beyond the SM.
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1.4 Determination of the neutrino mass

In addition to giving insight into the generation of mass and probing the available models, the
neutrino mass is of interest to cosmology. One example is the structure formation because its mass
influences the creation of large scale structures [AF11]. The absolute neutrino masses cannot be
measured with neutrino oscillations which makes other measurement techniques necessary. One
possibility is to use indirect constraints on the neutrino mass by cosmological observations in
combination with model assumptions (section 1.4.1). A way which is less dependant on model
assumptions is the utilisation of β-decays (section 1.4.2, 1.4.3 and 1.4.4).

1.4.1 Cosmological approach

There are several observations in cosmology which can be utilized to give borders on the neu-
trino mass. Neutrinos from supernovae, the CMB spectrum, polarization measurements, baryonic
acoustic oscillations and lensing studies can be used for this.

Supernova SN 1987A

About 25 neutrinos from the supernova SN 1987A were detected by the Kamiokande II [Hir87]
[Hir88], Irvine-Michigan-Brookhaven (IMB) [Bio87] [Bra88] and also by the Baksan detectors
[Ale87] [Ale88]. Using the time differences between those events and the energy of the events the
neutrino mass can be obtained [Zub11]. Using models for the neutrino production in supernovae
and the detection efficiency of the detectors a model dependant upper limit on the neutrino mass
could be found [LL02]:

mν̄e < 5.7 eV (95%C.L.) (1.19)

This upper limit can be improved by looking at data concerning the structure formation of our
universe.

Structure formation of the universe

Neutrinos with a mass of about 0.1 eV can affect the development of large scale structures [Elg02].
Inversely, this enables the constraint of the neutrino mass by observing the scale of the structures
in our universe.

The theory of the evolution of the universe includes that our universe is expanding and as a con-
sequence is cooling down during its evolution. Right after the beginning of our universe the tem-
perature and density was high enough for neutrinos to interact so frequently, that they were in
equilibrium with other particles [Lid13]. These interactions included

ν + ν̄ ↔ e+ + e− ↔ γ + γ (1.20)

p+ e− ↔ n+ νe (1.21)

The process in (1.20) is possible as long as each step has a total energy greater than 2·me ≈ 1 MeV.
When the energy drops below this threshold (kB · T < me · c2) the conversion into e− + e+ is
forbidden by energy conservation. Additionally, the rate of weak interaction becomes smaller than
the expansion rate at 1 MeV. This is called the freeze-out of the weak interaction. The neutrinos
are no longer in equilibrium with matter which means that the universe becomes transparent to
neutrinos. The neutrinos can stream freely from structures which are smaller than their free-
streaming length [Zub11].

λFS ≈ 1230 ·
(

eV

mν

)
Mpc (1.22)
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Neutrinos in more dense areas of the universe can move to areas with smaller density without
interactions if the areas are smaller than the free-streaming length. This means that structures
smaller than the free-streaming length can be damped or removed entirely [Zub11].

To find a limit on the sum of the neutrino masses
∑
mν the Planck Collaboration added

∑
mν

to the standard model of cosmology 1. They combined the cosmic microwave background (CMB)
measurements by the Planck satellite [Ade14a], polarisation measurements from WMAP [Ben13],
measurements of baryonic acoustic oscillations [Bla12] [Beu11] [Pad12] [And12], CMB lens-
ing data from Planck [Ade14b] and the South Pole Telescope (SPT) [Eng12], galaxy lensing
measurements from the Canada-France-Hawaii Telescope Lensing Survey (CFHTLenS) [Kil13]
and galaxy cluster counts [Ade14c]. This analysis constrains the sum of the neutrino masses to
[Ade14b] ∑

mν < (0.32± 0.08) eV (1.23)

However, this result is dependant on the data used and depends on the validity of the cosmological
standard model. Additionally, Battye et al. point out that there is tension between CMB mea-
surements and lensing and cluster measurements [BM14]. Also, the neutrino mass limits derived
from the shape of the power spectrum are smaller than the value obtained here [RPD14] [Sha].
However, the biggest problem is the model dependency of this approach. Measurements which
provide results with less model dependencies utilise the kinematics of the β-decays.

1.4.2 Neutrinoless double β-decay

The double β-decay ((2νββ-decay) is a process of higher order. It describes two simultaneous β-
decays (see figure 1.3 a) [GM35]. The 2νββ-decay is dominant when the β-decay is suppressed.
This is observed in even isobaric mass chains where the nuclei are either odd-odd or even-even.
The binding energy of the even-even atoms can be higher than both of the neighbouring odd-odd
nuclei so that no β-decay is not possible. However, the 2νββ-decay is possible. The binding
energy is described well by the Bethe-Weizsaecker model [Wei35]. The pairing energy in this
formula predicts that even-even nuclei lie on a parabola of lower energy than odd-odd nuclei (left
hand side of figure 1.4). Therefore, experiments use even-even-nuclei with energetically forbidden
β-decays.

There may exist another decay which is even rarer than the 2νββ-decay. Majorana was the first
to describe the possibility of a particle being its own anti-particle [Maj37]. It is possible to apply
this theory to neutrinos. This results in the Majorana neutrinos νM ≡ ν̄M . This enables the
neutrino-less double β-decay (0νββ-decay) [Fur39]. This decay is made possible by the exchange
of a virtual Majorana neutrino (see the right hand side of figure 1.3). The probability for this
decay would be even smaller and can be seen as a small peak near the endpoint of the 2νββ-
decay spectrum (see the right hand side of figure 1.4). The Majorana mass is calculated from
the measured half-life with (1.24) [Oli14]. The Majorana mass however is a mixture of three
superposed mass states with majorana phases contained within the matrix elements Uei. These
phases can lead to (partial) cancellations of the addends [Oli14].(

T 0ν
1
2

)−1
= G0ν ·

∣∣M0ν
∣∣2 · < mββ >

2 (1.24)

< mββ >
2 =

∣∣∣∣∣∑
i

Ueimνi

∣∣∣∣∣
2

(1.25)

where T 0ν
1
2

is the half-life of the isotope, G0ν is the face space factor, M0ν is the matrix element
and < mββ > is the effective majorana mass.

1sometimes referred to as ΛCDM−model
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Figure 1.3: Double β-decay. Left hand side: 2νββ-decay: Two neutrons decay simultaneously
into a proton, an electron and an electron anti-neutrino. Right hand side: 0νββ-
decay: Two neutrons convert into two protons and two electrons (e−) and exchange a
Majorana neutrino.

0νββ-experiments with 76Ge and 136Xe have been performed. Both Kamland-Zen and EXO-200
did not observe the 0νββ-decay of 136Xe and give a lower limit of T 0ν

1/2 >= 3.4 · 1025 y (90%
C.L.) corresponding to < mββ >< 0.150 eV − 0.250 eV [Gan13]. Recent results of GERDA,
which searches for the 0νββ-decay of 76Ge, reveal that the half-life is T 0ν

1/2 > 2.1 · 1025 y (90%
C.L.). The upper limit of the 0νββ neutrino mass is between mββ = 0.2 eV and 0.4 eV [Ago13].
The GERDA results show a discrepancy with the claim of the discovery of the 0νββ-decay of 76Ge
made by a part of the Heidelberg-Moskow-collaboration which stated that the 0νββ neutrino mass
is < mββ >= (0.32± 0.03) eV [Kla01].

1.4.3 Electron capture

The electron capture can also be used to determine the νe energy.

e− +163 Ho→163 Dy∗ + νe →163 Dy + EC + νe (1.26)

One experiment which pursues this is the electron capture on 163Ho (ECHo) experiment. It uses
metallic magnetic calorimeters at low temperatures. A first prototype used a gold adsorber with
implanted 163Ho which showed promising results [Gas14].

1.4.4 β-decay

A promising way to determine the ν̄e-mass is the study of the β-decay (see (1.1)). The energy
of the decay gets distributed among the electron, the electron antineutrino and the nucleus. The
nucleus is heavy when compared to the electron and the neutrino. Due to energy and momentum
conservation the energy distributed to the nucleus will remain nearly unchanged and is subtracted
from the available energy for the neutrino and the electron [Dre13]. The energy of the electron
antineutrino is

Eν̄e =
√
m2
ν̄e · c4 + p2

ν̄ec
2 ≥ mν̄e · c2 (1.27)

Consequently, the neutrino has at least its mass as energy. This missing energy can be observed in
the electron spectrum (see figure 1.5). For high neutrino energies the missing energy is dominated
by the momentum of the neutrino while for p2

ν̄ec
2 ≈ 0 only the energy corresponding to the

neutrino mass is missing. This means that measurements near the end-point of a β-spectrum
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Figure 1.4: Double β-decay. Left hand side Sketch of mass parabolas for A = const. The
possible decays are indicated. In principle all instable nuclei can decay via 2β-decays,
but observation is only possible for nuclei where the conventional (preferred) β-decay
is forbidden (indicated in red). Right hand side Energy spectrum of the two emitted
electrons of both 0νββ (dashed line) and 2νββ (solid line). Figure adapted from
[EV02].

contain high quality information on mν̄e [Bor05]. This mass is a superposition of the three mass
eigenstates.

m2
ν̄e =

3∑
i=1

∣∣U2
ei

∣∣ ·m2
νi (1.28)

In order to obtain the energy spectrum the decay rate can be calculated with Fermi’s golden rule
[Dre13] [Fer34]

Γ =
2 · π
h̄
·

∫
allfinalstates

|M |2 df (1.29)

Here Γ is the decay rate and M is the transition matrix element from an initial state to a final state
f. Based on this the electron spectrum of a β-decay can be calculated2:

dN

dE
=
G2
F · cos θC
2 · π3

· |Mnucl2 | · F (E,Z ′) · (E +me) ·
√

(E +me)2 −m2
e

·
∑
i,j

∣∣U2
ei

∣∣ · Pj · (ε− Vj) ·√(ε− Vj)2 −m2
νi · θ (ε− Vj −mνi)) (1.30)

whereGF is the Fermi coupling constant, θC is the Cabbibo angle, Mnucl is the matrix element for
the nuclear components, F (E,Z − 1) is the Fermi function which describes the interaction of the
emitted electron with the daughter nucleus of the decay, E the kinetic energy of the electron, Uei the
matrix elements of the PMNS matrix (see (1.6)), where Pj and Vj are the excitation probabilities
and energies of the final state3, the endpoint energy E0, the kinetic energy of the electron E,
ε = E0 −E, E0 = Q−Erec, Q the nuclear Q-value, Erec the recoil energy of the nucleus, h̄ = 1
and c = 1.

2For a more detailed explanation see [Dre13]
3Accounting for atomic excitations e.g. vibration and rotation.
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Figure 1.5: The β-decay. Left hand side: The Feynman diagram of the β-decay is shown. A
neutron decays into a proton and emits an elecron and an electron antineutrino. Right
hand side: The end-point of the energy spectrum of the β-decay is shown. Picture
taken from [Sch09].

Rhenium source

The 187Re-decay was used by the Milano experiment. The advantage of 187Re is its low Q value
Q = 2.469±0.004 keV. Its downside is a long life-time T1/2 = 4.33 · 107 y [Bas09]. As a detector
thermal AgReO4 micro-calorimeters were used. The inclusion of the source in the detector allows
for full energy containment and final states as mentioned above do not need to be considered. The
experimental constraint on the electron antineutrino mass is [Sis04]:

mν̄e < 15 eV (90%C.L.) (1.31)

Tritium source

The β-decay of tritium is also used to determine the electron antineutrino mass.

3H→3 He+ + e− + ν̄e (1.32)

In order to measure the electron spectrum of the tritium in KATRIN, magnetic adiabatic collima-
tion combined with an electrostatic (MAC-E) filters are used. The best constraints on the electron
antineutrino mass until now are given by the Troitsk experiment mν̄e < 2.05 eV(95%C.L.) and
the Mainz experiment mν̄e < 2.3 eV(95%C.L.) [Kra05] [Ase11]. The next generation of tritium
experiment is the Karlsruhe Tritium Neutrino (KATRIN) experiment (see chapter 2).
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2. The KATRIN experiment

The KArlsruhe TRItium Neutrino (KATRIN) [KAT05] experiment has the primary goal to deter-
mine the electron antineutrino massmν̄e with a sensitivity of 200 meV/c2 (90 % C.L.) by measur-
ing the β-spectrum of tritium (see section 2.1). The measurement principle is based on magnetic
adiabatic collimation combined with an electrostatic (MAC-E) filter (see section 2.2). The setup
of the KATRIN experiment can be divided into four sections: the windowless gaseous tritium
source, the transport section, the spectrometer section and the detector (see section 2.3). Section
2.4 discusses the KATRIN sensitivity as well as major background sources.

2.1 β-decay of tritium

The β-decay of tritium (3H) is a most promising decay for the determination of the neutrino mass.

Tritium has a very low end-point energy (Q = (18 590.1± 1.7) eV) [Dyc93]. The end-point
energy is of interest because the number of electrons in an energy window including the endpoint
depends on 1/E3

0 . The endpoint energy is of additional interest because it determines the maximal
voltage of the electrostatic filter which is needed to scan the whole spectrum. Higher voltages
make the setup technically more challenging.

In principle 187Re has a lower endpoint energy (2.47 keV [Gal00]). However, tritium has major
advantages compared to 187Re. However tritium has some major advantages :

• The first major advantage of tritium is its short half-life T1/2 = (12.32± 0.02) y. A shorter
half-life means that the same mass of material will produce more decays per second. This is
important because of two competing processes. In general more mass means higher lumi-
nosity which translates into higher statistics. However, the mass is limited due to scattering
efects which ruin the energy resolution by allowing for scattering processes. Therefore the
luminosity is limited by the lifetime.

• It has a low atomic number and the resulting simplicity of the atomic structure. This enables
the easy calculation of the nuclear matrix element.

• Tritium is a super-allowed decay which yields an energy-independent matrix element for
tritium [Bel03].

• Another advantage of tritium is the low charge. This translates to a low scattering probability
[Bor08]. The low charge also implies a simple spectrum which enables the calculation of
the transition probabilities [Sae00]



14 2. The KATRIN experiment

U0

BS=3.6	T Bmax=6	TBmin=0.3	mT

Detector

From	
T2-source

p̂e	

q∙E

Electron	trajectory

Figure 2.1: Sketch of the electromagnetic fields in the KATRIN main spectrometer. The KA-
TRIN main spectrometer forms an electrode for the electric field (green). The magnets
located next to the openings of the main spectrometer create strong magnetic fields
(blue) in their centres. Electrons gyrate around the magnetic field lines (red). Be-
cause of the gradient of the magnetic field the orientation of the electron momentum
is forced to be more parallel to the magnetic field at the centre of the spectrometer (red
arrows at the bottom). The picture is inspired by [KAT05].

• The recoil correction for the decay product is nearly constant (Erec = 1.72 eV ) [Mas07].

• Tritium is gaseous even at temperatures of 30 K. Therefore, no solid state corrections have
to be considered reducing the systematic error [Bab12].

However, tritium forms molecules. Molecules have vibrational and rotational excitations which
increases the number of final states resulting in an intrinsic uncertainty which cannot be circum-
vented by any experimental setup with a molecular gaseous tritium source.

The utilisation of a tritium source in combination with a MAC-E filter has had great success in the
past and lead to the most stringent direct neutrino mass limits [Kra05] [Ase11].

2.2 Functionality of a MAC-E filter
The utilisation of a MAC-E1 filter allows to analyse the a large flux of electrons with a high
acceptance angle. The filter essentially works as an integrating high-pass filter for electrons with
a tunable threshold energy.

Magnetic adiabatic collimation

The electrostatic filter is only sensitive to the longitudinal energy component. To achieve good
resolutions it is necessary to align the momenta of the electrons in such a way that they are per-
pendicular to the analysing plane. In addition this change of direction must happen adiabatically
which means that the electromagnetic fields do not change fast during one gyration of an electron
and that the magnetic moment is conserved. One well-known way to redirect particles adiabati-
cally is the utilisation of magnetic fields (see figure 2.1).

This is realised by two strong solenoids at both the entrance and the exit of the spectrometer. The
resulting field lines are perpendicular to the analysing plane. The electron energies can now be

1Magnetic Adiabatic Collimation Combined with an Electrostatic
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divided into a component perpendicular to the magnetic field E⊥ and a component parallel to the
magnetic field E‖.

E = E⊥ + E‖ (2.1)

The goal is to minimise E⊥ thereby minimising the energy component which is lost in the electro-
static filter. This minimisation is achieved by a huge decline (≈ 2 ·10−5) of magnetic field strength
from the entrances of the spectrometer vessel to the analysing plane. The decrease of the magnetic
field at the centre of the spectrometer translates to an orientation of the electron momenta because
of the conservation of the orbital magnetic moment µ of the electrons:

γ · µ =
γ + 1

2
· E⊥
B

= const. (2.2)

Here γ is the relativistic Lorentz factor. For non-relativistic 2 adiabatic motions the magnetic
moment of the electron is conserved and (2.2) is reduced to

µ =
E⊥
B

= constant (2.3)

From this simplified equation it can be seen that the drop of the magnetic field strength by 2 · 10−5

forces an identical reduction of E⊥. This results in an energy resolution of

∆E = 2 · 10−5 · E0 = 0.93 eV. (2.4)

In conclusion, a small fraction of the energy can not be analysed. The fraction is defined by the
magnetic field ratio.

Electrostatic filter

The electrostatic filter transmits electrons in dependence of their kinetic energy. This is realized by
applying a retarding potential U between the electrodes and the ground electrodes at the entrance
and exit of the spectrometer. As a consequence the voltage has a maximal value close to the center
of the setup where the longitudinal energy is minimal. This plane is called analysing plane. It can
only be passed by electrons with a longitudinal kinetic energy component which is greater than
the retarding potential −e · U0. The electrons passing the analysing plane are then re-accelerated
to their initial energy before they and leave the electrostatic filter. Because of the threshold all
electrons with energies greater than the retarding potential are transmitted. Hence, the integrated
spectrum of electrons with energies ranging from the threshold to the endpoint of the tritium β-
spectrum can be observed by counting the number of electrons which pass the electrostatic filter.

Accepting angle

Another way for electrons to be reflected back is the reflection by the magnetic fields. This effect
is called magnetic mirror effect and is discussed in more detail in section 3.1. This effect is
dependent on the polar angle θ with which the particles were emitted from the source. When this
angle surpasses a threshold θmax the particle is reflected in the MAC-E filter. In the simplified case
of no electric fields the threshold angle is:

sin (θmax) =

√
BS

Bmax
(2.5)

θmax ≈ 50.8◦ (2.6)

where BS = 3.6 T is the magnetic field at the source and Bmax = 6 T is the maximum of the
magnetic field [Wan13]. The influence of the electrostatic field is considered in [Wan13]. As the
path length in the source tube increases with the starting angle, which leads to more energy losses
due to scattering, it is advantageous for the sensitivity to exclude high starting angles [Wan13].
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Figure 2.2: Setup of the KATRIN experiment. The setup of the KATRIN experiment can be di-
vided into four subsections. The source section which consists of the rear section (RS)
and the windowless gaseous tritium source (WGTS). The RS monitors the activity of
the WGTs. The WGTS provides a stable column density of tritium molecules in the
source. The resulting electrons are guided through the transport section consisting of
the differential pumping section (DPS) and the cryogenic pumping section (CPS) by
magnetic fields. The transport section transmits electrons but traps tritium. The elec-
trons are transmitted to the pre-spectrometer (PS) and the main spectrometer (MS)
which filter electrons with energies below a chosen energy threshold. The transmit-
ted electrons originating from tritium β-decay are guided to the focal-plane detector
(FPD) and detected. Picture taken from [Sch14].

2.3 Setup of the KATRIN experiment

The KATRIN experiment consists of a source section, a transport section a spectrometer section
and a detector section (figure 2.2).

2.3.1 Source section

In the KATRIN experiment a windowless gaseous tritium source (WGTS) is used. It is designed
as a source of electrons originating from the β-decay of tritium with a high luminosity and low
systematic uncertainties [KAT05]. The main component of the WGTS is a 10 m long tube with
a diameter of d = 90 mm filled with tritium [Bor08]. The tritium is injected at the centre, then
diffuses to the turbo molecular pumps at both of the sides, is pumped and eventually reprocessed in
a closed inner loop. The setup does not include windows because they could introduce an energy
loss of the electrons [Fis14].

The tritium density in the WGTS was chosen as an optimum between two competing requirements.
The first requirement is the need for high statistics which translates to a high luminosity and thus
a higher density. The second requirement is to minimise the scattering of β-decay electrons on
T2-molecules. As a result a density of ρ · d = 5 · 1017 molecules

cm2 corresponding to an activity of
1.7 · 1011 Bq

s is chosen. The tritium molecules need to be at low temperatures in order to avoid
a significant contribution of Doppler broadening to the energy resolution [Bab12]. Hence, the
WGTS is cooled to 30 K by a neon thermosiphon [Gro09]. Additionally, it is important to ensure
the stability of the column density to a level of 0.1 % since the activity and therefore the systematic
uncertainty depends on it. Therefore, all parameters influencing the column density such as the

2γ ·me · c2 = E ≤ Q+ E0 ↔ γ ≈ 1.04. For the argumentation above γ ≈ 1 is used.
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temperature, pressure,pumping speed and purity of the T2 need to be controlled rigidly [Bab12].
The high purity reduces systematics because tritium and molecules resulting from the decay of
tritium (e.g. DT) vary both in mass and thus recoil energy and in rotational and vibrational exci-
tations after the tritium decay. In order to control this influence the gas composition is monitored
with a Raman system [Fis14].

The electrons are guided to both ends of the WGTS by magnetic fields created by superconducting
magnets. At the upstream-end of the source is the rear section. It continuously monitors the
activity of the tritium source. At the downstream end of the WGTS is the transport section.

2.3.2 Transport section

The transport section connects the WGTS with the spectrometer section. The transport section
reduces the tritium flow by a factor of 1012 while guaranteeing an adiabatic transport of electrons
from the source to the spectrometer section. This allows to reach the required background level
1 mcps induced by tritium decays [KAT05].

The transport section can be divided in two components: the differential pumping section (DPS)
and the cryogenic pumping section (CPS).

The DPS utilises five superconducting solenoids (5.5 T) which are tilted in such a way, that the
beam tube is diverted by two mutually cancelling 20◦ tilts. This suppresses beaming effects
[Luo06]. At each transition of those five solenoids is one TMP. These four TMPs pump the tritium
gas. The DPS is designed to reduce the tritium flow by a factor of 105 [KAT05]. This has been
tested by the tritium argon frost pump (TRAP) [Eic08] .

The CPS also introduces two mutually cancelling bends (15◦) into the beam line [Jan15]. Its
suppression of tritium gas flow is based on the cryo-sorption of tritium on argon frost at liquid
helium temperatures which increases the adsorption probability of tritium. The CPS is designed
to decrease the tritium gas flow by a factor of 107[KAT05]. The electrons are guided adiabatically
through the transport section by the superconducting solenoids and are guided to the spectrometer
section.

2.3.3 Spectrometer section

The spectrometer section has the goal to select the electrons with respect to their kinetic energy
using the MAC-E filter technique (see section 2.2). The energy range close to the endpoint of the
spectrum is of interest because here the neutrino mass has the most pronounced effect [KAT05].
The spectrometer section includes the pre-spectrometer and the main spectrometer in the beam
line and the external monitor spectrometer which monitors the high voltage stability. The main
spectrometer and the pre-spectrometer both include an inner-wire electrode to which the retarding
potential (−e · U ≈ E0) is applied. The surrounding vessel is operated at a slightly higher po-
tential (−e · U ≈ E0 + 100 eV). This allows to block low-energetic negatively charged particles
originating from the vessel. The pre-spectrometer and the main spectrometer are operated at ultra
high vacuum conditions (10−11 mbar) to minimise the ionisation processes of residual gas. The
vacuum setup consists of cascaded TMPs (Leybold Turbovac MAG W 280) and non-evaporable
getter (NEG) strips of the type SAES St707K situated in the pump ports (right-hand side of figure
2.4).

Pre-spectrometer

The pre-spectrometer is located further downstream of the CPS. It is 3.38 m long and has an inner
diameter of 1.68 m. The pre-spectrometer can be used to reduce the electron flux as much as
possible without loosing electrons near the endpoint. The high electron flux can be reduced by
approximately seven orders of magnitude [Pra11]. This is important because the reduced electron
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Figure 2.3: Sketch of the KATRIN main spectrometer. A schematic drawing of the KATRIN
main spectrometer with the pump ports and the focal plane detector shows the sen-
sitive volume for different magnetic settings denoted by the magnetic field B in the
analysing plane (orange: 3.8 G, green: 5 G and light blue 9 G). Additionally, the po-
sition of the NEG strips (blue) and of the baffle (red) is shown exemplary. Modified
version of a picture from [Sch14, p 43].

flux results in less ionisations of residual gas in the main spectrometer. The reduction is achieved
by the utilisation of the MAC-E filter principle. The retarding potential is set to a value lower than
the energy which is analysed, for example e ·U = E0− 300 eV. This way, only the electrons with
high-quality information on the neutrino mass are transmitted. However this creates a Penning
trap (see section 2.4.2).

Main spectrometer

The main spectrometer is downstream of the pre-spectrometer (see figure 2.3). The variation of
the retarding potential allows to scan the region around the endpoint of the β-spectrum. The
main spectrometer has a length of 23.3 m and a diameter of 10 m. It is situated between two
superconducting solenoids with a magnetic field strength of 4.5 T upstream and Bmax = 6 T
downstream respectively. The magnetic field strength of these solenoids decreases towards the
analysing plane at the middle of the spectrometer and reaches a minimum of Bmin = 0.3 mT. The
magnetic field is corrected with fourteen air coils coaxially arranged around the main spectrometer
and two additional aircoils which compensate the earth magnetic field. They are used to correct
earth’s magnetic field and to shape the field at the analysing plane. With (2.3) an energy resolution
of ∆E = 0.93 eV at 18.6 keV can be reached. This corresponds to an improvement of a factor of
about 5 compared to previous experiments (Troitsk, Mainz).

Furthermore, the main spectrometer is equipped with inner wire electrodes to shield the sensitive
volume from low energetic charged particles originating from the wall. The three NEG pumps
situated in the three pump ports are a source of radon (see figure 2.4). Radon is a volatile gas
which can desorb from the NEG material into the spectrometer volume and creates background.
More details concerning the background production are given in section 2.4.2 and section 3.1.

Monitor spectrometer

The monitor spectrometer is not part of the KATRIN beamline. It is connected to the same voltage
supply as the main spectrometer and monitors the high voltage stability of the main spectrometer
by monitoring the conversion electrons from K-32 line (E = 17.8 keV) of a 83mKr source. In
order to shift this line to the endpoint energy of the β-decay of tritium a potential of U = −770 V
is applied to the Krypton source resulting in electrons with an energy equal to the endpoint of the
β-decay of tritium.
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Figure 2.4: Pictures of the baffle and the NEG strips. On the left-hand side the pump port with
a baffle consisting of V-shaped copper plates is shown. On the right-hand side the
NEG strips of the getter are shown. The photographs are adapted from [Goe14].

2.3.4 Focal plane detector

The focal plane detector (FPD) is a silicon based positive-intrinsic-negative diode consisting of
148 pixels with equal area which are segments of coaxially arranged rings. Additionally, the FPD
is shielded actively and passively. The FPD is downstream of the main spectrometer and counts the
number of transmitted β-electrons. The energy resolution of the detector is approximately 1.5 keV
[Sch14]. The passive shielding is realized by lead and copper blocks.The active shielding consists
of plastic scintillators arranged to detect cosmic rays via coincidence measurements.

Between the main spectrometer and the focal plane detector is the post acceleration electrode
(PAE). The PAE can be used to shift the energy of incoming electrons to a region with less back-
ground.

2.4 Sensitivity of the KATRIN experiment
In order to reach the design sensitivity of KATRIN mνe = 200 meV at 90% C.L. both systematic
and statistical errors have to be taken into account. The systematic uncertainties are expected to
be σsyst ≤ 0.017 eV2 [KAT05]. The statistical sensitivity was estimated to be σstat ≤ 0.018 eV2

[KAT05].

KATRIN needs a low background despite a tritium activity of 1011 Bq provided by the WGTS.
The reason is that only the fraction of electrons near the endpoint are of interest for the neutrino
mass determination. In order to reach the design sensitivity of KATRIN mνe = 200 meV at 90%
C.L. the background must be a factor of two smaller than the signal [KAT05]. This corresponds to
a background of only 10 mcps. There are several possible background sources in MAC-E filters
which can surpass the background limit.

2.4.1 Detector background

Cosmic muons, high energetic γ rays from radioactive decays in the vicinity of the detector and
radioactive decays inside of the detector can contribute to the detector background. In order to
prevent radioactive decays the detector material and the material surrounding it were examined
and selected carefully[Sch14]. The cosmic muons are suppressed by coincidence measurements.
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Additionally a multi-pixel cut can be applied to remove correlated events. For 146 pixels the
remaining detector background during the first spectrometer and detector section (SDS-I) com-
missioning phase is (10.34± 0.44) mcps in the complete region of interest [Leb10].

2.4.2 Background processes in the spectrometers of the KATRIN experiment

Penning traps

A Penning trap is a special configuration of electric and magnetic fields where the electric potential
along a magnetic field line reaches a minimum. The potential well confines the electron motion
with energies lower than the height of the potential well to one dimension. The magnetic field
causes a cyclotron motion of the electron around the field line thus trapping it. This phenomenon
has lead to huge backgrounds at the pre-spectrometer in the past which have been resolved [Fra14]
[Fra10] [Mer12].

The operation of the pre-spectrometer and the main spectrometer with applied negative poten-
tials separated by an area on ground potential forms a Penning trap. Adiabatically guided signal
electrons cannot be trapped here since only electrons with energies lower than the potentials on
either side can be trapped. These electrons can for example be signal electrons which have lost
energy, secondary electrons from ionizations inside the trap or electrons produced in radioactive
decays. These stored electrons can ionize residual gas and produce millions of positively charged
ions which are not trapped. They can propagate in the main spectrometer and ionise residual gas
molecules. The electrons liberated by these ionizations can contribute to the background. This
Penning trap can have a significant influence on the background rate [Mer12]. One way to re-
move this Penning trap is to operate the pre-spectrometer at ground potential and accept the small
increase of background due to the residual gas ionisation by the signal electrons in the main spec-
trometer. Another possibility might be the use of a wire scanner - a copper wire which wipes
regularly through the trap and removes the stored electrons.

Background due to residual gas ionisation

Since the utilisation of two MAC-E filters next to each other creates a Penning trap the pre-
spectrometer will be used at lower retarding potentials to avoid this. Therefore, a huge flux of
β-decay electrons reaches the main spectrometer which makes ionisation processes in the spec-
trometers probable. The resulting positive ions are not affected by the analysing plane and can
themselves ionise residual gas. The resulting electrons are accelerated due to the retarding poten-
tial, guided to the detector, and contribute to the background. This background can be reduced
by using the pre-spectrometer to reduce the flux of electrons in the main spectrometer by approxi-
mately seven orders of magnitude.

Inner surfaces

The main spectrometer has a large inner surface of 690 m2, additionally the inner-wire electrode
has a surface area of 650 m2 [Val10]. Two processes can be distinguished: secondary emission
processes and field electron emission.

Secondary emission processes can occur if a high-energetic particle hits the vessel and produces
secondary electrons which reach the inner spectrometer surface. Muons are a likely candidate.
However, recent measurements have shown that muon-induced processes do not contribute signif-
icantly to the background of the KATRIN experiment [Lin15].

Field emissions occur when large electric fields arise near surfaces. Data of the first commission-
ing phase (SDS-I) has shown that field electron emission only occurs if the potential difference
between the inner-wire electrode and the main spectrometer vessel is raised above ∆U ≥ 270 V
[Sch14].
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Radioactive decays

Radioactive decays at the spectrometer surface are able to produce high energetic electrons. These
electrons can penetrate the flux tube under specific circumstances and contribute to the back-
ground. Additionally there are two radioactive elements which can contribute to the background
by producing stored electrons stemming from radioactive decays and the processes accompanying
them. Tritium and radon are of special importance as they penetrate the sensitive volume of the
main spectrometer.

Electrons can be stored in the spectrometers due to the magnetic bottle effect. Once trapped, these
electrons can produce more electrons via a subsequent ionisation of residual gas molecules. The
primary electrons are stored until the storage conditions are broken - for example by a reduction
of energy under a MAC-E filter specific threshold. The cooled down electrons are then accelerated
by the retarding potential and cannot be distinguished from the signal electrons any more.

Tritium which leaves the WGTS and passes through the transport section reaches the spectrometers
where tritium β-decays occur. The produced electron can be stored and ionize residual gas atoms
thus contributing to the background. This emphasizes the importance of the transport section for
the retention of tritium.

The α-decay of radon is especially important because radon is a volatile noble gas. Hence, it can
emanate from surfaces and move freely through the tank and penetrate the flux tube. Its motion
is not influenced by the electromagnetic fields because it is neutral implying that electromagnetic
shielding is irrelevant for its motion. When an α-decay of radon occurs while the radon atom
resides inside of the flux tube the produced electrons can be stored and create additional electrons
by ionisations.

The background induced by stored particles is not Poisson distributed. The reason for its non-
Poissonian nature is the correlation of the occurrence of the secondary electrons which results in
time-intervals of elevated background. The non-Poissonian nature of the background induced by
stored particles causes the sensitivity to worsen more than for poisson-distributed backgrounds
[Mer12] [Wan13]. This emphasizes the importance of the suppression of radon-induced back-
grounds in particular. This thesis investigates the passive suppression of the radon-induced back-
ground by liquid nitrogen cooled copper baffles. Additional active measures considered by the
KATRIN collaboration are the utilisation of electron cyclotron resonance [Mer13], or the utiliza-
tion of static and pulsed electric dipoles or magnetic pulses [Wan13].
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3. Passive Reduction of radon-induced
backgrounds in the KATRIN main
spectrometer

In order to achieve the sensitivity of 200 meV the KATRIN experiment needs a very low back-
ground rate. Previous analyses have shown that stored electrons are a major source of background
in the KATRIN experiment [Sch14] [Goe14] (section 3.1). One source of stored electrons is the
α-decay of radon isotopes [Mer12] (section 3.2). In the KATRIN main spectrometer there are
several sources which emanate radon [Goe12] (section 3.3). As a means to suppress the radon-
induced background, liquid-nitrogen cooled copper baffles were installed in the main spectrometer
[Goe14] (section 3.4). The liquid-nitrogen supply needed for these baffles is complex due to the
high voltage environment. Therefore special thermal and high voltage insulating feed-throughs
have been developed (section 3.5).

3.1 Background induced by stored particles in a MAC-E filter
The movement of stored charged particles in a MAC-E filter can be split into three parts: the
gyration, the magnetron drift and the movement within a magnetic bottle.

Gyration

Charged particles in magnetic fields experience the Lorentz force. The Lorentz force results in
charged particles moving on a corkscrew path along the guiding centre which is parallel to the
magnetic field. This motion is called gyration. The gyration is shown schematically on the right
hand side figure 3.1.

Magnetron drift

The magnetron drift is a drift of the guiding centre. It doesn’t vanish if either ~E or ∇ ~B are not
perpendicular to ~B. The resulting velocity ~vmag of the electron can be calculated.

~vmag = ~v ~E× ~B + ~v∇B (3.1)

=
1

B2
· ~E × ~B +

E⊥ + 2 · E‖
e ·B3

· ∇ ~B × ~B (3.2)

with the electric field ~E, the magnetic field ~B, the longitudinal energy of the electron E‖, the
transversal energy of the electron E⊥ and the elementary positive charge e [Wan13]. In case of
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Figure 3.1: Magnetron drift and gyration of an electron in a magnetic field. Left hand side:
The magnetron drift leads to a rotation of the guiding centre of the electron around the
symmetry axis of the MAC-E filter. Right hand side: Electrons in a magnetic field
gyrate due to the Lorentz force. With an additional drift the trajectory of the electron
resembles a corkscrew.

axially symmetric fields only azimuthal drifts are possible. Without axial symmetry there is an
additional radial drift. The magnetron drift of the guiding centre is visualized on the left hand side
of figure 3.1.

Magnetic bottle

A MAC-E filter measures the energy of a particle with an electric retarding potential (see section
2.3.3). The alignment of the electron velocities is reached by a decrease of the magnetic field by
four orders of magnitude from the entrances of the main spectrometer to its centre. This gradient
also acts as a magnetic bottle which enables the storage of charged particles [Mer12]. It consists
of two opposing magnetic mirrors which restrict the movement of charged particles in magnetic
fields.[Hig08].

In the simplified case of an adiabatic motion the charged particles are guided by the Lorentz force.
The part which is important for the magnetic mirror effect is the decelerating force F‖.

~F‖ = − ∂

∂s
(µ · ~B) (3.3)

µ =
1
2 ·m · V

2
⊥

B
=
E⊥
B

(3.4)

with the orbital magnetic moment µ, the transverse energy E⊥ of the charged particle with mass
m in a magnetic field B with orientation s. In the adiabatic approximation µ is conserved. This
implies that the transverse energy of the charged particle has to increase accordingly if it reaches
higher magnetic fields . Because of the assumption of adiabaticity the energy is conserved and the
increase of E⊥ needs to be compensated by a decrease of E‖. If the increase of the magnetic field
is high enough the charged particle cannot pass the magnetic mirror (E‖ → 0) and is ultimately
reflected back due to the force F‖. With two magnetic mirrors blocking the particle on both sides,
the charged particle is unable to leave and is trapped within this magnetic bottle.

However, in reality the approximation of adiabaticity is impeded by a low magnetic fields, high
starting angles and high kinetic energies of the charged particle [Wan13]. The electromagnetic
field configuration of the KATRIN main spectrometer stores electrons with energies ranging from
1 eV up to 100 keV at the analysing plane. The storage conditions can be broken by loosing too
much energy or a scattering process resulting in a change of the angle. More details can be found
in [Wan13].
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Figure 3.2: Motion of a charged particle in a MAC-E filter The motion of charged particles in
an electromagnetic field can be explained by the superposition of gyration, magnetron
drift and confinement in a magnetic bottle. The gyration is a rotation around the
guiding centre which is parallel to the magnetic field lines. The magnetron drift is
a rotation of the guiding centre around the symmetry axis of the MAC-E filter. The
magnetic bottle consists of two mirrors, which a stored particle cannot pass. The
picture is taken from [Bar14].

Resulting motion of a charged particle in a MAC-E filter

The motion of a charged particle in a MAC-E filter consists of a rapid gyration (tgyration ≈ 10−8 s),
the back and forth motion in the magnetic bottle (tbottle ≈ 10−5 s) and a slow magnetron drift
(tmagnetron ≈ 10−4 s) [Mer12]. The combination of these three effects yields the trajectory for the
charged particle in a MAC-E filter (see figure 3.2). During this motion the stored primary particle
will scatter off of residual gas and ionize it. Due to the magnetron drift of stored particles the
ionizations take place in a ring segment of the flux tube. The generated secondary electrons can
fulfil the storage condition and be stored themselves. Otherwise the electrons will leave the MAC-
E filter and can be detected. These secondary electrons will be distributed in a ring-like structure
since these electrons are guided to the detector along the magnetic field lines after the ionization
processes, which are ringlike distributed themselves.

3.2 Electron emission accompanying α-decays of radon

The α-decay was first described by Ernest Rutherford [Rut99]. Several years later he showed that
the decay resulted in the emission of a helium ion. Therefore, an α-decay reduces the mass number
A by 4 and the atomic number Z is reduced by 2.

A
ZX →A−4

Z−2 Y +4
2 He (3.5)

The α-decays of 219Rn and 220Rn into 215Po and 216Po are accompanied by the emission of
electrons. The electrons are emitted due to different processes: shell-reorganization, shake-off,
atomic relaxation and internal conversion (figure 3.3). These processes yield electrons at different
energies ranging from E ≈ 1 eV to E ≈ 100 keV. The probability to emit a number of electrons
has a maximum at two emitted electrons and has a gradually decreasing tail for higher electron
numbers [SD65].
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Figure 3.3: Sketch of electron emission accompanying the α-decay of 219Rn and 220Rn. 219Rn
decays into 215Po and 220Rn decay into 216Po. During the α-decay of radon electrons
are emitted. There are shell reorganization electrons, shake-off electrons, atomic re-
laxation electrons and internal conversion electrons. For each process the magnitude
of the electron energy is given. Modified figure from [Mer12].

Shell reorganisation electrons

Because of an α-decay the nuclear charge is reduced by two. This reduction of the nuclear charge is
counterbalanced by the emission of two electrons which are called shell reorganization electrons.
The electrons in outer shells have a higher probability to be emitted than the electrons in inner
shells due to the velocity distribution. Compared to the velocity of the α particle vα ≈ 107 m

s
the inner shell electrons (K, L, M shell) have high velocities (vαve ≈ 0.1). Therefore the change
of the nuclear charge is perceived as slow and the process is largely adiabatic [Fre75]. The outer
shell electrons in contrast have lower velocities (vαve ≈ 10) and the change of the nuclear charge
is perceived as abrupt resulting in the emission of outer shell electrons. This means that the shell
reorganization electrons will originate primarily from the outer shells. The shell reorganization
electrons are low energetic (E ≈ 10 eV).

Shake-off electrons

Shake-off electrons are emitted if the α-particle interacts electromagnetically with an electron.
Due to the high velocity of the inner shell electrons, the interaction probability of the α-particle
is increased while it is decreased for outer shell electrons. Depending on the energy transfer the
electron can either be elevated into a higher shell or become unbound. The unbound electron can
have an energy ranging from a few eV up to tens of keV.

Internal conversion electrons

A radon atom decays into Polonium. The resulting Polonium atom has a non-vanishing probability
to reside in an excited state. The Polonium atom then de-excites into the ground state by either
emitting a photon or interacting electromagnetically with a shell electron. This is only possible
if there is an electron with a non-vanishing wave-function in the nucleus. This so-called internal
conversion electron has a energy of several hundred keV for 219Rn and 220Rn α−decays. The
α−decay of 220Rn into 216Po can only produce one excited state which has a low probability
[Wu07]. The α−decay of 219Rn into 215Po, on the other hand, can produce multiple excited
states and an excited state is more probable [Bro01].

Atomic relaxation

The emission of shake-off electrons and internal conversion electrons leaves vacancies in inner
shells. These vacancies are filled by electrons from higher shells and the surplus energy is usually
released via a photon. Alternatively the energy can be transferred to an electron which then is
ejected [Mei22] [Aug23]. If the electron which fills the vacancy originates from a different shell
the emitted electron is called an Auger electron. If the electron filling the vacancy originates from a
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higher subshell the emitted electron is called a Coster-Kronig electron [CK35]. Atomic relaxation
itself can create vacancies thus allowing for further atomic relaxations. In the case of Polonium
the electrons ejected by atomic relaxations have a maximal energy of roughly 93 keV [Wan13].

Resulting energy distribution

These processes yield electrons with energies from a few eV to hundreds of keV [Wan13]. Higher
energetic electrons have a higher influence on the background rate since they are able to create
many secondary electrons. More details can be found in [Wan13].

3.3 Possible sources of radon in the KATRIN main spectrometer
There are three different decay chains including radon: the decay chains of Thorium 232Th (in-
cludes 220Rn), Actinium 227Ac (includes 219Rn) and Uranium 238U (includes 222Rn) (see Ap-
pendix A).
222Rn has a long half life (T 1

2
= 3.823 d) which means that the vast majority of 222Rn is pumped

out of the spectrometer (tpump ≈ 360 s) by turbo molecular pumps (TMPs) before it decays
[Wan13]. The half-lives of 220Rn (T 1

2
= 55.6 s) and 219Rn (T 1

2
= 3.96 s) however are short

and most of the radon won’t be pumped out of the spectrometer before it decays.

The three non-evaporable getter (NEG) pumps in the pump ports are the major source of 219Rn
[Goe14] (figure 3.4 blue). The NEG pumps consist of roughly 3000 strips with a large specific
surface area of 1500 cm

g2 [Goe14]. The effective surface area of the getter material is so large due to
the porosity of the NEG material (figure 3.5 b). The increased surface also enhances the probability
that radon can desorb from the NEG strips into the vacuum to 0,1% [Goe12]. The NEG material
used is SAES1 type St707K getter material, which is compression bonded on constantan (55%
Copper, 45% Ni) strips. The NEG material is made out of 70% Zirconium, 24,6% Vanadium
and 5,4% Iron [BC95]. Additionally it contains trace amounts of Uranium (235U). The decay
chain of Uranium includes the long-lived isotopes Protactinium (231Pa) and Actinium (227Ac) and
the critical radon isotope 219Rn. During the production process 227Ac is removed [Fra10]. This
cuts off the decay chain and restricts the rate of radon production to the rate of decays of 231Pa
(T 1

2
= 32 760 y) since the half-lives of the elements which are in the decay chain and are between

231Pa and 219Rn are rather short lived [Fra10]. The estimation of the 219Rn activity at the end
of 2014 is 2.75 Bq

kg
2. These values allow for an estimation of the 219Rn emanation rate from the

NEG pump E219Rn,estimate ≈ (0.165± 0.030) Rn− decays
s .

The other radon isotope of concern is 220Rn emanating from the main spectrometer vessel or its
welds [Goe14]. The stainless steel main spectrometer vessel may contain trace amounts of 232Th
despite the careful screening. A first estimation is possible by extrapolating from the measurements
taken at the pre-spectrometer. This results in (0.08± 0.06) Rn− decays

s [Goe14].

The straightforward solution of removing the NEG pumps to remove the main radon source is
not feasible since the NEG pumps ensure that the vacuum requirements are fulfilled. The main
spectrometer vessel as a possible radon source can’t be avoided, too. A solution to get rid of the
radon-induced background has to be implemented.

3.4 Radon-induced background and suppression by the liquid-nitro-
gen cooled copper baffles

The passive suppression of radon-induced background by liquid-nitrogen cooled copper baffles is
discussed in section3.4.1. Moreover, the corresponding liquid-nitrogen supply system is discussed
in section 3.5 with focus on the high voltage separator.

1Saes Getters S.p.A., Viale Italia 77, 20020 Lainate (Milan), Italy, http://www.saesgetters.com
2Surface = 2.3 Bq

kg
+ 0.3 Bq y

kg
= 2.75 Bq

kg
(values taken from [Goe14])
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Figure 3.4: Sketch of the KATRIN main spectrometer including the NEG pumps. (a) The
positions of the one of the NEG-pumps is shown (blue). In addition, the baffle is
shown (green). (b) The liquid-nitrogen cooled copper baffle blocks the direct line
of sight between the NEG strips and the main spectrometer. (c) The NEG material
adsorbs hydrogen thus pumping the spectrometer. In addition, radon atoms desorb
from it. Figure taken from [Goe14]

3.4.1 The liquid-nitrogen cooled copper baffles

The liquid-nitrogen cooled copper baffles consist of V-shaped copper plates. They reduce the
radon-induced background by cryosorption of radon atoms. The KATRIN main spectrometer has
three pump ports which are equipped with liquid-nitrogen cooled copper baffles. Each baffle
consists of V-shaped copper plates which are connected to pipes welded to a ring pipe. Liquid
nitrogen flows through this ring-pipe cooling the holding structure and the baffle to liquid-nitrogen
temperatures.

The positioning of the baffles is chosen to block the direct line of sight between the NEG strips
and the main spectrometer. This way the radon which emanates form the NEG strips has to hit the
baffle at least once before reaching the sensitive volume in the main spectrometer. At the moment
pump port 2 and 3 are equipped with NEG strips and pump port 1 is not. The final setups includes
NEG strips in pump port 1 as well. This way the lowest pressure possible is reached.

The temperature of the baffles is monitored by four temperature sensors for each baffle (see figure
3.6). One sensor is attached to an outer baffle plate, while the other three sensors reside on the
central V-shaped plate. The three sensors are located near the top, the middle and the bottom of
the central plate.
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Figure 3.5: NEG strips. Left hand side: The NEG strips in one pump port are shown. Picture
provided by H. Frenzel. Right hand side: The porous surface of the NEG material
can be seen. The picture was taken with a scanning electrode microscope at the LEM
of KIT.

3.4.2 Mean desorption time of radon from a copper surface

The mean time a cryosorbed atom stays on a cold surface is called mean residence time. It depends
on the temperature of the surface and material properties. The mean desorption time τdes is given
by a simple exponential function:

τdes = τ0 · e−
Hdes
R·T (3.6)

where τ0 is the oscillation period, which is related to the maximal phonon frequency ν0 by τ0 =
1/ν0,Hdes is the desorption enthalpy,R is the gas constant and T is the temperature. The desorption
enthalpy is assumed to be the same as the adsorption enthalpy as radon is not expected to form
chemical bonds since it is a noble gas. The parameters Hdes and τ0 depend on the material of
the adsorbent and the particle adsorbed. The particle of interest is radon. The surface property of
the copper baffle is not determined definitely. There are three possible scenarios: a pure copper
surface, an oxidised copper surface and a surface covered with a layer of water (ice). Oxidised
copper has a surface of CuO after several months at air [Kei07]. With the relation

ν0 =
kb · θ
h

(3.7)

with kb = 8.62 · 10−5 eV
K is the Boltzmann constant, h = 4.14 · 10−15 eV s and θ being the Debye-

temperature [EK00]. The Debye-temperature of CuO is θ = (390± 10) K [JET89]. It follows
ν0 = 8.12 · 1012 1

s and τ0 = 1.2 · 10−13 second. The parameters corresponding to these scenarios
are summarised in table 3.1. The temperature dependence of the mean desorption times for these
three scenarios is visualised in figure 3.7. It is evident that the surface condition of the adsorbent
has a significant impact on the desorption time at a given temperature. When comparing the mean
desorption time of an oxidised surface to a surface covered with ice at T = 85 K the desorption
time is reduced by four orders of magnitude. Therefore, it is desirable that the adsorption enthalpy
of the copper baffles is not dominated by a surface covered with ice and that the temperature of
the baffles is as low as possible.
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Figure 3.6: The pump ports of the main spectrometer are depicted. The three pump ports of
the main spectrometer are depicted. All pump ports include a baffle while only pump
ports 2 and 3 include NEG strips to obtain a better understanding of the source of the
radon-induced background.

3.5 Liquid nitrogen supply system for the copper baffles
The liquid-nitrogen supply system is a crucial part of the KATRIN main spectrometer. Its function
is to keep the copper baffles at stable liquid-nitrogen temperatures. This way, radon atoms are
cryosorbed on the baffle and decay there instead of the sensitive volume of the magnetic flux tube.
In the following the setup of the liquid-nitrogen supply system will be discussed (see section 3.5.1)
with emphasis on the high voltage (HV) separator needed to insulate the main spectrometer from
the liquid-nitrogen supply and exhaust lines, which are on ground (see section 3.5.2).

3.5.1 Setup of the liquid-nitrogen supply system

The liquid-nitrogen supply system is built to allow for the baffles 1 to 3 to be cooled to liquid-
nitrogen temperatures 3.8. The system consists of three main parts: the liquid-nitrogen supply
tank, the valve box and the high voltage separator. These components are connected via flexible
vacuum insulated pipes (cryoflex transfer lines). The liquid-nitrogen supply tank is a product of
Messer GmbH 3. Its large capacity of 51 550 L ensures the continuous liquid-nitrogen supply. The

3Messer Group GmbH, Messer-Platz 1, 65812 Bad Soden, Germany
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Figure 3.7: Desorption time in dependency of the temperature. The mean desorption time of
radon is shown for surfaces of ice (magenta), oxidised copper (blue) and pure copper
(red). In addition, ten times the half-life of both 219Rn and 220Rn are shown (cyan).
Desorption times longer than ten times the half-life of the isotope are suppressed as
well as the setup allows.

valve box allows to control the liquid-nitrogen flux to the copper baffles. It is built by Nexans 4.
More details about these components can be found in [Goe14].

Both inlet and outlet pipes pass the HV-separator which ensures that all components except the
main spectrometer and a part of the HV-separator are on ground potential. The setup of the HV-
separator will be discussed in more detail in section 3.5.2.

This is a crucial system as it allows for the baffles to be cooled during high voltage operation of
the main spectrometer. This allows to suppress backgrounds induced by the α-decays of radon al-
lowing to aim for the KATRIN background level of 10 mcps. Each baffle can be cooled separately,
which enables to study the influence of each baffle on the radon background (see section 5).

The liquid-nitrogen supply system is not able to cool the baffle to liquid-nitrogen temperatures
(77 K) exactly but only to temperatures of about 86 K. One reason is the elevated pressure in the
liquid-nitrogen supply tank (approximately 1.5 bar) resulting in a temperature of about 83 K. This

4Nexans (Group’s headquarters), 8, rue du Général Foy, 75008 Paris, France

Table 3.1: The parameters describing several baffle surface conditions are summarised. The
desorption enthalpy Hdes for radon and the maximal phonon frequency ν0 are sum-
marised for the baffle surface being ice, oxidised copper (CuO) or pure copper (Cu).

Surface Period of oscillation τ0 Desorption enthalpy Hdes

in 10−13 s in kJ
mol

Ice 3 [EZG00] −19.2± 1.6 [EZG00]
CuO 1.2 [JET89] −26 [ES02]
Cu 1.5 [ES02] −37 [ES02]
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Figure 3.8: Sketch of the liquid-nitrogen supply system. The liquid-nitrogen supply system
consists of three crucial parts: the supply tank, the valve box and the high voltage
(HV) separators. Furthermore, it includes four valves to regulate the gas flow from
the liquid-nitrogen supply tank to the valve box (V4), and from the valve box to the
baffles (V1, V2, V3). The valve box distributes the liquid-nitrogen to the baffles and
controls the flow to each one separately. The HV-separators are designed to insulate
the valve box from the main spectrometer. This sketch is inspired by [Goe14, p124].

is close to the value measured by the temperature sensors (86 K). The remaining 3 K offset has
several possible reasons. Firstly, the temperature sensors are not perfectly coupled to the baffle sur-
face. Secondly, the baffles are not perfectly coupled to the liquid-nitrogen supply. Moreover, heat
radiation from the main spectrometer vessel increases the temperature of the baffles, especially
when the V-shaped baffle plates which face the vessel directly are concerned.

3.5.2 The high voltage separator

The HV-separator allows to constrain the high voltage to the main spectrometer residing in the
KATRIN hall. This ensures safety, as only trained personnel has the keys to the KATRIN hall,
therefore ensuring that no one - in particular external personnel - touches components carrying
high voltage by accident.

Setup of the high voltage separator

The setup of the high voltage separator ensures the liquid-nitrogen supply while insulating all
components beside the main spectrometer. The part of the HV-separator connected to the main
spectrometer is on high voltage. In order to insulate all other components the liquid-nitrogen sup-
ply lines each include an insulator. This insulator is surrounded by vacuum (p < 10−5 mbar) for
thermal isolation. This was done to prevent icing and the possibility of leakage currents connected
to icing [Goe14]. The setup chosen at KATRIN is depicted in figure 3.9. The high voltage sepa-
rator can be divided into three parts: the bottom which is on high voltage, the middle which are
insulators and the top which is on ground potential. The top simply contains the connections to
both the TMP and the liquid-nitrogen pipes. In the middle of the HV-separator resides its core:
the insulators. In the bottom part is the connection to the main spectrometer of the liquid-nitrogen
supply. Furthermore, there is a tube which is covered with a rupture disk to prevent pressures
which could endanger important components.

The high voltage insulation in vacuum under cryogenic conditions is of critical importance. This
topic is still under investigation despite each of its subtopics (vacuum, cryogenics, high voltage)
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Figure 3.9: Setup of the HV-separator. The HV-separator has 6 openings. 4 openings are re-
served for the liquid-nitrogen supply lines and 1 opening is reserved for the TMP
creating a vacuum (p < 10−5 mbar). Furthermore there is a pressure relieve covered
with a rupture disk to prevent critical pressures. The two inner insulators integrated in
the liquid-nitrogen supply line are enclosed by an outer ceramic.

being understood well separately. Especially the combination of high voltage and vacuum poses
significant technical challenges [Lat95].

Design criteria for insulators in vacuum

The design criteria for insulators in vacuum have been studied extensively by many scientists. In
summary 3 main guidelines have been created [WW95]:

• Minimise the electric field at the cathode triple junction to ensure that no free electrons are
created in areas of high electric fields.

• Ensure that electrons are not focused on the surface of the insulators. On the one hand it
is ensured that the surface is not damaged. On the other hand it is ensured that no further
electrons are created and no ionised gas is created above the surface.

• Ensure that electrons which hit the surface are trapped. This guarantees that no cascade
effects creep along the insulator to create delayed discharges.

All of the above guidelines are closely connected to the design of the insulator. Furthermore, it
is emphasised that each insulator has to be designed for its specific operation and the way the
insulators are conditioned.
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In order to determine the usability of the insulators a test setup was used (see figure 3.10). The high
voltage is applied to the lower part of the HV-separator reflecting the operating condition when it
is connected to the main spectrometer. Furthermore, a Y-t-recorder is used to track the leakage
current. Voltage breakthroughs can be heard acoustically by the voltage flash-over the 10 MΩ
resistor. Furthermore the Y-t-recorder tracks the occurrence of sparks. In total three different types
of insulators were tested: glass fibre-reinforced plastic (GFP) insulators, ceramics and Babcock-
Noell insulators.

Insulator 1: Glass fibre-reinforced plastic insulators

The glass fibre-reinforced plastic (GFP) insulators have a good high voltage design since the triple
junctions are flat and their orientation is perpendicular to the insulation direction (see figure 3.11).
The GFP insulator is gas-tight before and after slow thermal cycling to 77 K. However, when
the GFP insulator is at 77 K it is not airtight any more and leaks with a rate of approximately
0.02 mbar l

s . As the final KATRIN setup requires liquid-nitrogen cooled baffles and the GFP insu-
lator is not airtight in this state it is impossible to use them. Therefore, an alternative is required.

Insulator 2: Ceramics

As a second approach ceramics from Allectra 5 were bought. These insulators do only barely pass
with 20 kV applied after conditioning. It turns out that the problems arise due to effects at the
junction between the insulator, the metal electrode and the vacuum, the so-called triple-junction.
Furthermore, the triple junctions of the inner insulators of the HV-separator setup are of concern.
This is verified by a test with teflon tape wrapped around the triple junctions of the inner ceramics
multiple times to insulate this critical section specifically. The measurements show a significant
increase of breakdown voltage to 25 kV. In addition, COMSOL Multiphysics6 simulations show
that the electric fields are high at the dents of the metal welded on the insulators (see top of figure
3.13). It is conclusively proven that the problems of the Allectra ceramics originate from the triple
junction.

On flat surfaces the critical electric field is 108 V
m to 109 V

m . At dents, however, this value can be
much lower. A simple idea is to shield these gaps by using a guard ring. This is also simulated
with COMSOL Multiphysics (see bottom of figure 3.13). The idea of the guard rings is to focus
the field lines on the bigger surface of a ring-shaped electrode instead of the sharp metal dents on
the insulators. COMSOL Multiphysics simulations show that this idea improves the size of the
electric field. Next, this idea was put to practice. In addition, the insulators were cleaned with
acetone and baked out at 100 ◦C.

The result is not as positive as expected. The resulting setup showed no break-downs with a test
voltage of 20.8 keV during the whole measurement time (2 h). However, only small increases to
22 kV lead to a breakdown. As literature suggests that the geometry of the insulator determines the
breakdown voltage of the setup further tests with these insulators were stopped. Other insulators
better suited for the specific conditions in the HV-separator are required.

3.5.3 Insulator 3: Lenz insulators

Based on the problems encountered the Babcock-Noell7 insulators are a vast improvement 3.14.
The triple junction has no sharp edges and is recessed. On short notice Dr. R. Lietzow from
the Institute of Technical Physics of KIT provided us with six of these insulators. They were
tested successfully at 35 keV which is sufficient for the usage during the second commissioning
phase of the main spectrometer. For the final KATRIN setup 32 keV are needed for calibration

5 Allectra GmbH, Traubeneichenstr. 62-66, D-16567 Schönfliess near Berlin, Germany
6COMSOL, Inc., 1 New England Executive Park, Burlington, MA 01803 USA
7Babcock Noell GmbH, Alfred Nobel Str. 20, 97080 Würzburg
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Figure 3.10: Setup of the HV-separator for the determination of the breakdown voltage. For
the testing procedure the setup of the HV-separator is simplified by replacing the T-
piece by a bent pipe. The high voltage is applied to the lower part of the HV-separator
reflecting the future setup. When a breakdown occurs a current flow ensues. The
leakage current is assessed by measuring the voltage drop at a resistor. In addition
a glow lamp for over-voltage protection and a capacitor to suppress transients are
connected in parallel. A voltmeter and a recorder which records the voltage on paper
are used to monitor the leakage current.
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Figure 3.11: The GFP insulator. One glass fibre-reinforced plastic insulator is shown. The
flanges are made for indium seals.

measurements of the source with 83mKr. It is recommended to test the HV-separator at cryogenic
temperatures, with a pressure smaller than 10−5 mbar and high voltage of 32 kV for a day or to
follow the recommendations of [Lat95] and test the insulators at the double voltage (64 kV) for 10
minutes.

3.5.4 Resulting HV-breaks at the main spectrometer

In the beginning two HV-separators equipped with the Allectra ceramics were connected to pump
port 2 and 3. Both performed well. After two weeks of successful operation baffle 3 was warmed
up to measure the background with only baffle 2 cold. Afterwards, baffle 3 was cooled down
again. Approximately 1 h after the cool-down sparks were observed and traced back to the HV-
break attached to pump port 3. The HV-separator was removed and reinstalled with Babcock-Noell
insulators instead. The remaining HV-separator included Babcock-Noell insulators when it was
first mounted to pump port 1.

In total the HV-separator connected to pump port 2 ran smoothly for four months until the mea-
surement phase ended. The HV-separators with Babcock-Noell insulators were installed to pump
ports 1 and 3 and worked fine for two and three months respectively.

The reliability of the HV-separators is crucial since it allows to measure with cooled baffles by
liquid-nitrogen for arbitrary durations. On the one hand this allows to study the radon-induced
background. On the other hand the remaining background with three cold baffles can be studied.
This allows to gain important information on the nature of the background in the KATRIN main
spectrometer.

3.5.5 Implications for other systems

The PAE shows discharges at 11 kV when the pressure is in the order of 10−11 mbar. By transfer-
ring the knowledge from this work Axel Müller found a possible explanation for this long-standing
problem. It is proposed that field emissions at the tips of the aluminium foil on the perspex are the
reason for these discharges.
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Figure 3.12: The insulator from Allectra. The insulator from Allectra is made of ceramics
(Al2O3). top: The ceramics are enclosed by two metal pipe sections. The triple-
junction is at the intersection of the metal and the insulator. The brazing of the metal
to the ceramics poses significant design disadvantages as the triple junction is right
at the end of this dent. bottom: Triple junction covered with teflon tape. The teflon
tape is held in place by cable ties.
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Figure 3.13: COMSOL Multiphysics simulations of the electric field strength. The electric
field is critical for the breakdown voltage. Two scenarios are simulated. Top: The
ceramic with the electrodes having a dent at the boundary between the electrode and
the ceramic is shown. In addition, a zoom on the dent is shown with the electric
field in V

m as an overlay Bottom: The ceramic with additional copper rings shielding
the dents is shown with a zoom on the boundary between the guard ring and the
electrode. The maximal electric field is reduced roughly by a factor of 2. These
simulations were performed in close cooperation with Alexander Jansen.



3.5. Liquid nitrogen supply system for the copper baffles 39

Figure 3.14: The GFP insulator. The insulators of the Babcock Noell GmbH. The triple junction
is recessed to prevent voltage breakdowns.
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4. Simulation of the suppression of
radon-induced background by copper baffles

The background induced by radon α-decays depends on the temperatures of the liquid-nitrogen
cooled copper baffles. In order to study the dependency, three increasingly complex simulations
were performed. As a first approximation the model assumes the baffles to adsorb radon while
never desorbing it (see section 4.1). This model was first developed in [Fra11] and [Goe14]. In
the next model, a set of differential and integral equations are describing the desorption process
numerically (see section 4.2). In the third model, a vacuum simulation, tailored for the specific
needs of radioactive particles, was executed (see section 4.3). The modification of the vacuum
simulation and the setup of the simulations was done by Marcel Krause. In section 4.4, the results
of the different models are compared with each other.

4.1 A Simplified Model

Theory

The most basic model was first applied to the pre-spectrometer [Fra11] and can just as easily
be applied to the main spectrometer as well [Goe14]. This approach describes three competing
processes, leading to a reduction of the fraction of radon atoms in the main-spectrometer volume.
Either the radon atom is pumped out by turbo-molecular pumps, adsorbed on by liquid-nitrogen
cooled baffles or it decays. These processes are summarised in a flow chart (see figure 4.1). This
approach neglects many aspects, among others the re-desorption of adsorbed radon. The theory is
only valid if the mean desorption time is orders of magnitude higher than the lifetime of the radon
isotope τdes � τRn. This statement is very strong. Since the baffle blocks the direct line of sight
between the NEG material and the sensitive volume this statement implies that no radon atoms
emanating from the NEG-material can contribute to the background. When the baffles are cooled
to liquid-nitrogen temperatures the possible radon sources are restricted to the surface of the tank
and components attached to it.

The transitions possible are depicted in figure 4.1 and can be expressed with a differential equation:

dnMS (t)

dt
= − (λads + λTMP + λdec) · nMS (t) (4.1)

which leads to an exponential function nMS (t). Here nMS (t) is the fraction of particles in the
main spectrometer volume at any given time t, λdec = 1/τdec being the inverse of the lifetime of
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Figure 4.1: The four possible states of radon in the Simplified Model: The Rn-atoms either
reside in the main spectrometer, they have been pumped out by the TMPs, they have
been adsorbed on the baffle, or they have decayed in the main spectrometer. The tran-
sition between states included in the model are described by their respective transition
rates (λ).

a radioactive isotope, λTMP = STMP/V being the fraction of the pumping speed STMP and the
volume V which is pumped out and λads = k·SBaffle/V is the fraction of the pumping speed of one
baffle SBaffle multiplied by the number of baffles k ∈ {1, 2, 3}.

(4.1) is solved by:

nMS (t) = e−(λads+λTMP+λdec)·t (4.2)

Without TMPs and baffles (STMP = 0, SBaffle = 0 ) the fraction of radon atoms decaying in the
main spectrometer would be 100 %. The probability Pdec for a radioactive atom to decay before it
is pumped is:

Pdec = ndec = λdec ·
∞∫

0

n (t) dt (4.3)

=
λdec

λads + λTMP + λdec
(4.4)

=

(
1 +

τdec · (kBaffle · SBaffle + STMP)

V

)−1

(4.5)

with the lifetimes of radon τdec = 1/λdec. The resulting efficiency of the suppression of radon
α-decays in the main-spectrometer volume is:

εSM = 1− Pdec (4.6)

Resulting efficiencies

The suppression efficiencies for radon-induced events obtained with (4.6) and (4.5) are sum-
marised in table 4.1.

It is evident that 222Rn is no significant background source in the KATRIN experiment since its
half-life is long compared to the pump-down time 1/λTMP. Therefore, it is not taken into account in
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Table 4.1: The efficiency of radon suppression for different configurations calculated with
(4.5) is given. The efficiency of radon suppression ε = 1 − Pdes depends on several
parameters: the lifetime of the isotope τdes, the pumping speed of 6 TMPs STMP =
3.51 m3

s , the pumping speed of one baffle SBaffle = 61.43 m3

s and kBaffle ∈ {1, 2, 3}
being the number of active baffles.

Rn isotope lifetime τdes number of active baffles k efficiency εSM = 1− P
219Rn 5.71 s [MAB13] 0 1.6 %

1 23.0 %

2 36.8 %

3 46.4 %
220Rn 80.2 s [Wu07] 0 18.5 %

1 80.8 %

2 89.1 %

3 92.4 %
222Rn 5.5161 d [JS06] 0; 1; 2; 3 ≈ 100 %

these calculations. Both 219Rn and 220Rn emanating from the main spectrometer or components
directly attached to it, however, contribute significantly.

Due to its longer lifetime 220Rn is suppressed more efficiently than 219Rn for the same baffle
configuration. For three cold baffles the suppression efficiency is 92.4 %. As a result even 220Rn
emanating from the spectrometer can be suppressed quite efficiently. For 219Rn, however, at most
a reduction by approximately 50 % is expected in this ideal model. A direct conclusion is that
219Rn can be suppressed the least and therefore would have the most impact.

In conclusion, the Simplified Model yields very quick results which rely only on few parameters.
However, its validity is restricted to the specific scenario of an ideal baffle configuration. Important
deductions are possible for ideal baffles: the 222Rn component is suppressed efficiently, radon
isotopes emanating from the NEG material behind the baffles are suppressed completely, and
220Rn and 219Rn emanating from the main spectrometer are the most prominent threats.

4.2 Numerical Model of radon interactions with the liquid-nitrogen
cooled baffle

The Numerical Model of radon interactions with the liquid-nitrogen cooled baffles is a further
stage of the model presented in section 4.1. It is designed to study the contributions induced by
radon emanating from the main spectrometer walls. In order to study the reduction efficiency of
the baffle in dependence of the temperature, the model has to include the mean re-desorption time
of radon adsorbed on a baffle (τdes) as an additional parameter. It is connected to the temperature of
the baffle via the relation presented in (3.6). The states and transitions of the model are summarised
in figure 4.2. Since the radon atom can now either decay on the baffle or return back into the main
spectrometer the set of equations describing this model becomes more complex.

Equations describing the model

This model relies on the description of decays and pumping processes by exponential functions as
well. Furthermore, a differential equation is needed to describe the fraction of particles residing
on the baffle.

As a starting point is is assumed again, that all radon atoms are emitted from the spectrometer walls
at t=0 s. The fraction of radon α-decays ndec(t), occuring inside the main-spectrometer volume
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Figure 4.2: The five possible states and transitions for radon emanating from the vessel in
the Numerical Model. There are two intermediate states: radon residing in the main
spectrometer and radon being adsorbed on the baffle. Furthermore, there are three final
states: The first one is for radon being pumped out, the second one for radon decaying
in the main spectrometer, and the third one for radon decaying while sticking to the
baffle. The possible paths and their respective transition rates (λ) are indicated by
arrows. The additions to the Simplified Model (section 4.1) are coloured green.

during the time t after their emission from the main-spectrometer wall is given by:

ndec(t) = λdec ·
t∫

0

nMS(t′)dt′ (4.7)

where nMS (t′) is the fraction of radon atoms, which are in the main spectrometer volume at the
time t′. For the limit of infinitely large times (4.7) becomes the efficiency of radon suppression.

ε = 1− lim
t→∞

ndec(t) (4.8)

= 1− λdec ·
∞∫

0

nMS(t′)dt′ (4.9)

This is analogous to the Simplified Model, where nMS(t′) is an exponential function in the (see
(4.2)). However, here an additional addend is needed, increasing by the fraction of radon atoms
re-desorbed from the baffle surface ndes until time t.

ndes (t) = λdes ·
t∫

0

nBaffle

(
t′
)

dt′ (4.10)

where nBaffle (t′) is the fraction of radon atoms which reside on the baffle at the desorption time
t′. After the desorption at time t′ the radon atoms again behave as in (4.2). Hence, they are subject
to the pumping and decay processes for the remaining time-interval ∆t = t − t′. In order to
determine the fraction of radon atoms which still reside in the main spectrometer after a time t
ndes, MS (t) the multiplicand exp (− (λads + λdec + λTMP) ·∆t) needs to be applied :

ndes, MS (t) = λdes ·
t∫

0

nBaffle

(
t′
)
· e−(λads+λdec+λTMP)·(t−t′)dt′ (4.11)
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All things considered, the total fraction of radon atoms in the main spectrometer is the sum of (4.2)
and (4.11):

nMS (t) = n (t) + ndes, MS (t) (4.12)

= e−(λads+λdec+λTMP)·t + λdes ·
t∫

0

nBaffle

(
t′
)
· e−(λads+λdec+λTMP)·(t−t′)dt′ (4.13)

Again, (4.13) contains an unknown: The fraction of radon atoms residing on the baffle. It can be
described by a differential equation:

dnBaffle(t)

dt
=λads · nMS (t)− (λdes + λdec) · nBaffle (t) . (4.14)

where nBaffle(t
′) is the fraction of radon atoms residing on the baffle at a given time t’. The

first term is the fraction of particles which have been adsorbed on the surface of the baffle which
increases the fraction of radon atoms on the baffle. The second term is the fraction of radon atoms
leaving the surface of the baffle either by decaying (λdec) or by desorption (λdes) back into the
main spectrometer. By inserting (4.13) into (4.14) a solvable equation is obtained.

dnBaffle(t)

dt
=λads ·

e−(λads+λdec+λTMP)·t + λdes ·
t∫

0

nBaffle

(
t′
)
· e−(λads+λdec+λTMP)·(t−t′)dt′


− (λdes + λdec) · nBaffle (t) (4.15)

The differential equation was solved numerically with a classical fourth order Runge-Kutta method
[SM03, p 328]:

nBaffle,m+1 = nBaffle,m +
ts
6
· (k1 + 2 · k2 + 2 · k3 + k4) (4.16)

k1 = f (tm, nBaffle,m) (4.17)

k2 = f (tm + 0.5 · ts, nBaffle,m + 0.5 · ts · k1) (4.18)

k3 = f (tm + 0.5 · ts, nBaffle,m + 0.5 · ts · k2) (4.19)

k4 = f (tm + ts, nBaffle,m + ts · k3) (4.20)

where nBaffle,m is the numerical solution for the step m and ts is the step-size. The integrals are
solved by the rectangle method:

t∫
0

f
(
t′
)

dt′ =

m∑
i=0

f(ts) ·
ts
2

(4.21)

where f (t) is the integrand and m = t/0.5·ts is the number of rectangles used for the integration.
Furthermore the efficiency determination (4.9) is valid for infinitely large times. The upper limit
of the simulation time was chosen as tu = 1000 s resulting in:

εNM = ε (1000 s) = 1− ndec,MS (4.22)

The resulting error can be estimated for 219Rn and 220Rn by calculating the fraction of radon
atoms which have not decayed in 1000 s:

σ = exp

(
−1000 s

τdec

)
≈

{
4 · 10−6, for 220Rn

1 · 10−76, for 219Rn
(4.23)

These errors are negligible.
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Figure 4.3: The temporal development of 220Rn for a desorption time of τdes = τdec ≈ 80.2 s
and three cold baffles. The total fraction of radon atoms is 100 % during the simula-
tion (yellow). The fraction of radon atoms residing in the main spectrometer nMS (red
line) and the corresponding decays nMS, dec (red dashed line) are shown. In addition
the fraction of radon atoms residing on the baffle nB (blue line) and the fraction of
radon atoms decaying on it nB, dec (blue dashed line) are shown. Lastly, the fraction
of radon atoms, which are pumped by the TMPs are shown (magenta).

More importantly, the accuracy of this model is restricted by its simplicity. It does neither include
the specific geometry of the baffles nor the remaining pump port volume behind them. This is of
critical importance for radon emanating from the getter since it has to pass the baffle geometry.
Thus, this model is restricted to radon emanating from the main spectrometer vessel. Furthermore,
the influence of the geometry introduces a systematic error in this simulation as radon is more
likely to hit the baffle again, when it re-desorbs from it. This influence is not taken into account in
this model. In the following, the errors of the simulated suppression efficiency and the correspond-
ing desorption time are assumed to be 4 % since the model fails to describe the specific KATRIN
geometry and the baffle geometry in particular.

Resulting radon distribution and efficiencies

With this approach the influence of the desorption time on the radon distribution can be simulated.
The set of parameters already used in the Simplified Model (see table 4.1) is needed as input in this
model, too. As a further starting condition the radon atoms were assumed as equally distributed in
the main spectrometer.

The direct output of one simulation consists of the fraction of radon atoms residing in the five states
of the model (see figure 4.2) at each time step. The temporal development of the fraction of radon
atoms in each state is shown exemplary for 220Rn and a desorption time of τdes = τdec,220 = 80.2 s
in figure 4.3. All radon atoms start in the main spectrometer. Due to the high pumping speed of
the baffle, close to 70 % of the radon atoms get adsorbed on it while only smaller fractions decay
or are pumped by the TMPs. After roughly 30 s The maximal fraction of radon atoms is on the
baffle. Afterwards the desorption of radon atoms from the baffle replenishes the fraction of radon
atoms in the main spectrometer which is indicated by the kink in its temporal development. This



4.2. Numerical Model of radon interactions with the liquid-nitrogen cooled baffle 47

Time in s

1 10 210 310

F
ra

ct
io

n 
of

 r
ad

on
 d

ec
ay

s 
in

 th
e 

M
S

 in
 %

1

2

3
4
5

10

20

30
40
50

100

dec
τ⋅=0.1desτRn-219 

dec
τ⋅=0.1desτRn-220 

decτ=desτRn-219 

decτ=desτRn-220 

dec
τ ⋅=100desτRn-219 

dec
τ ⋅=100desτRn-220 

Figure 4.4: The temporal evolution of the fraction of radon atoms decaying in the main spec-
trometer. It is depicted for both 219Rn (solid lines) and 220Rn (dashed lines). The
desorption time τdes is changed for each of the three scenarios shown: τdes = 0.1 ·τdec

(red), τdes = 1 ·τdec (cyan) and τdes = 10 ·τdec (blue). The influence of the desorption
becomes apparent by comparing the three scenarios depicted.

kink also translates to the fraction of radon atoms pumped by the TMPs and the fraction which
decays in the main spectrometer. Both show the same kink as they depend on the fraction of radon
atoms in the main spectrometer. The distribution in the three final states of the model (the TMP or
decay either in the main spectrometer or on the baffle) can be obtained by utilising the values at
1 · 103 s. Of all radon atoms 83 % decay on the baffle while 14 % decay in the main spectrometer
and 3 % are pumped by the TMPs.

By varying the desorption time it is possible to obtain a better understanding of its influence. The
most important region is defined by desorption times on the order of the lifetime of the radon
isotopes as the competition between desorption and decay is the most pronounced. Exemplarily
the desorption time is set to τdes = 0.1 · τdec, τdes = 1 · τdec and τdes = 100 · τdec (figure 4.4).
The results show that a long desorption time cuts off growth of the fraction of radon atoms which
decayed in the main spectrometer at the time where the maximum fraction residing on the baffle
is observed (15 s). For a desorption time on the order of the lifetime of the radon isotope a kink
is observed both for 220Rn and 219Rn. For short desorption times the fraction of radon atoms
decaying in the main spectrometer increases to the point where the kink is not resolved any more.

A high suppression efficiency as defined in (4.22) is most important for the sensitivity of the KA-
TRIN experiment. The desorption time has been varied over the whole range where it is expected
to have a significant effect on the background rate of the KATRIN experiment. Furthermore the
number of baffles has been varied from 0 to 3. Simulations of 219Rn (figure 4.5) show the major
impact of the desorption time on the efficiency of the suppression of radon α-decays in the main
spectrometer. As expected, the increasing desorption times enhance the suppression efficiency as
the fraction of radon atoms bound on the baffle increases. All simulations converge to the value of
the scenario with warm baffles for low desorption times. The reason is that the fraction of radon
atoms decaying on the baffle is small due to the negligible time the radon atoms spend on the baf-
fle. The efficiency of suppression reaches its upper limit at desorption times of about 70 s implying
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that any lower desorption time lowers the efficiency of suppression correspondingly.

It is advantageous to parametrize the results with an analytic function describing the simulations
to be able to calculate the suppression efficiency reliably without the need of a complex computer
algorithm. One possible ansatz is a logistic function. The reasoning is that logistic functions
describe the growth of a population which starts out exponentially and saturates at a given level.
The exponential growth in the beginning seems possible since all processes (desorption, decay and
pumping) are described by exponentials.

εl (τdes) =
L

1 + exp (−k · (τdes − τdes,0))
+ c (4.24)

=
p0

1 + exp (−p1 · (τdes + p2))
(4.25)

An promising alternative is an arctangent since geometric dependencies often contain such func-
tions.

εa (τdes) = p0 · arctan (p1 · τdes + p2) + p3 (4.26)

The results of the fits to the simulation are included in figure 4.5. The arctangent fits are in good
agreement with the data. As for this simulation the two radon isotopes differ only by their lifetimes.
The increased lifetime of 220Rn translates to a shift of the shoulder of ε (τdes) to higher desorption
times while the shape of the function remains similar.

A logistic fit to the simulations of 219Rn shows worse agreement with the simulated points by
several percent (see figure 4.6). It does not describe the data observed so well which is reflected
by the big χ2-values. The areas in which the logistic fit deviates are close to the extrema of the
concavity. In fact, the fit quality of the logistic fits remains consistently worse than the arctangent
fit. Therefore, it will not be discussed further.

In summary, the shape of the dependency of the suppression efficiency on the desorption time is
described well by an arctangent function as shown in (4.26). The efficiency of suppression reaches
its limit at desorption times of about 500 s implying that any lower desorption time increases the
fraction of radon atoms emanating from the vessel which decay in the main spectrometer.

4.3 Test-particle Monte-Carlo simulation to track particles in vacuum
In order to determine the radon suppression efficiency a Monte Carlo simulation was performed.
The freely available MOLFLOW+ code [CER15] was chosen and modified by Marcel Krause
[Kra15] to enable the simulation of radioactive decays and re-desorption. Based on this modified
MOLFLOW version simulations with a simplified geometry of the KATRIN main spectrometer
were executed. This is the basis for the evaluation done here. In contrast to the two previous
models, this approach allows to simulate radon emanating from the NEG material of the getter and
takes into account the geometry of the baffles.

MOLFLOW+

MOLFLOW+ is a test-particle Monte-Carlo code designed for vacuum simulations in the ultra high
vacuum regime [KP09]. This assumes that the mean free path of simulated particles in vacuum is
larger than the geometry boundaries of the vessel. This is called free molecular flow. Therefore,
particles move on straight trajectories until they hit a wall, where they are either adsorbed or
diffusely reflected according to Lambert’s cosine law:

P (dΩ) = cos θ
dΩ

π
(4.27)
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Figure 4.5: The dependence of the suppression efficiency of 219Rn and 220Rn on the desorp-
tion time. The fraction of radon atoms which emanated from the main-spectrometer
vessel and decay in it are shown for desorption times between 0.02 s and 104 s. Only
every tenth simulated point is shown in the plots to increase the visibility of the fitted
arctangent functions. The number of baffles is set to 0 (cyan), 1 (blue), 2 (red) and 3
(magenta). The corresponding fit parameters can be found in the statistic box with the
same colour as the fit. top: The results for 219Rn are shown. bottom: The results for
220Rn are shown. The fitted arctangent functions describe the simulations well.
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Figure 4.6: The dependence of suppression efficiency of 219Rn on the desorption time is
shown with a logistic fit. The approach is the same as in figure 4.5. However, lo-
gistic functions (see (4.24)) are fitted to the simulations.

with Ω = (θ, φ) the solid angle, and dΩ = sin θdθdφ, where θ and φ are the usual angles of the
spherical coordinate system. By transforming uniformly distributed random numbers x and y in
the unit interval, θ and φ are generated according to

θ = arccos
(√

1− x
)

(4.28)

φ = 2 · π · y (4.29)

The angle with which the particles desorb from the surface on which they were created is calculated
in the same way.

MOLFLOW+ modifications

Marcel Krause modified MOLFLOW+ in order to allow simulations of short-lived radioactive
particles. An additional parameter was added: each particle gets a finite lifetime when it is created.
The lifetime T is created by generating a uniformly distribute random number f in the interval
[0, 1). The lifetime T of a specific particle is defined by the cumulative distribution function

f (T ) = 1− e−
T
τdec (4.30)

where τdec is the mean lifetime of the isotope simulated.

In addition, a new property, the mean residence time, was added to the list of properties of each
surface element of the geometric model. After an adsorption the particle can now desorb again.
This process is the core of the radon interaction with the baffle. In order to describe this process a
desorption time tdes is generated from a randomly distributed number g in the interval [0, 1)

g (tdes) = 1− e−
tdes
τdes (4.31)

where τdes is the mean residence time.
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All in all, the simulation tracks one radioactive atom by first creating it with a lifetime T . During
its motion the time since its creation t is tracked. When it hits an adsorbing wall the time until
the re-desorption tdes is subtracted from the remaining lifetime T − t of the particle. When the
lifetime reaches 0 it decays. Depending on its decay position it either decays in the volume or
on a surface. For volume decays the 3D coordinates of the decay positions are stored in an extra
file. All other events along a trajectory of a particle are attributed to the surface element where the
event occurred. Possible events are hits (reflection), adsorption (permanent adsorption or decay
on a surface), desorption (start of a new particle) and re-desorption (after a preceding adsorption).
Each surface element has four counters to count these events. The decay positions in the volume
are evaluated to obtain the number of radon atoms which decayed in the pump ports NP and in the
vessel NV. As a border between these volumes the side of the baffle facing the vessel was chosen.

In order to determine the fraction of radon atoms decaying in the main spectrometer, two effects
have to be multiplied. The first factor is the fraction of radon atoms decaying in the vacuum:

f1 =
NDV

NC
(4.32)

where NDV is the number of particles which decayed in the vacuum, while NC is the number
of particles created. The second factor is the fraction of radon atoms which decay in the main
spectrometer volume and not in the pump ports

f2 =
NDT

NADV
(4.33)

whereNDT is the number of radon decays in the tank volume (excluding the pump ports) andNADV
is the number of radon decays in the vacuum. All in all, this leads to a suppression efficiency εMF

εMF = f1 · f2 = 1− NDV

NC
· NDT

NADV
. (4.34)

NDV and NDT both are assumed to be binomially distributed leading to a statistical error of

σNDV =
√
NDV · f1 · (1− f1) (4.35)

σNDT =
√
NDT · f2 · (1− f2) (4.36)

As the baffle temperature has both an influence on the fraction of radon atoms decaying in the
pump ports or in the vessel and on the fraction of radon atoms adsorbed on the baffle when they
decay the correlation between the numbers NDV and NC does not vanish. The statistical error is:

σεMF,stat = εMF ·

√(
σNDV

NDV

)2

+

(
σNDT

NDT

)2

+ (2 · COV (NDV, NDT))2 (4.37)

where COV (NDV, NDT) is the covariance. It can be simplified with the Cauchy-Schwarz inequal-
ity:

σεMF,stat ≤ εMF ·

√(
σNDV

NDV

)2

+

(
σNDT

NDT

)2

+

(
2 · σNDV · σNDT

NDV ·NDT

)
(4.38)

The upper limit of this inequality will be used from here on.

Setup of the main spectrometer

In order to describe the KATRIN main spectrometer geometry, a Simplified Model was created
with Blender [SV15]. The main spectrometer with its pump ports and other ports, the baffle, NEG
strips and the TMPs were incorporated. The inner wire electrodes are not included in the model
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[Kra15]. Unfortunately, a mistake was made during the setup of the simulations. The radius of the
transition between steep cones and flat cones of the source side of the main spectrometer was set
to rwrong = 3 m instead of rright = 2.75 m. Therefore the volume of the steep cone Vsc and the
flat cone Vfc are slightly off.

Vsc =
hsc · π

3
·
(
R2

sc +Rsc · r + r2
)

(4.39)

Vfc =
hfc · π

3
·
(
R2

fc +Rfc · r + r2
)

(4.40)

where hsc = 1.89 m is the length of the steep cone and hfc = 5.25 m the length of the flat cone,
Rsc = 0.25 m being the other radius of the steep cone and Rfc = 4.9 m is the other radius of the
flat cone. Therefore, the combined volume is:

Vcone = Vsc + Vfc =

{
264.1 m3, for rright = 2.75 m

281.7 m3, for rwrong = 3 m
(4.41)

The difference of these two values with respect to the whole volume of Vges = 1240 m3 is 1 %.
This is expected to reduce the simulated effective pumping speed from the main spectrometer due
to the increased volume. As a systematic error εMF,syst = 2 % is assumed both on the suppression
efficiency and the desorption time due to the inaccuracy of the model. It is combined with the
statistical error as follows:

σεMF,ges =
√
ε2MF,stat + ε2MF,syst (4.42)

Resulting efficiency trends

The MOLFLOW+ model needs the actual geometry of the main spectrometer and its components
as input as well as a mean desorption time of radon residing on the baffle. Furthermore, the
lifetimes of the two radon isotopes are required, too. The pumping speed of a TMP or a baffle is
described by a sticking coefficient α, which is the probability to that a particle, hitting this surface
once, sticks to the surface. For TMPs α resembles the pumping probability for a particle flying
through an orifice with the same diameter as the pump. For baffle surfaces α has been set to
αB = 1

At first, the whole main spectrometer is used as a source for radon emanation. Again, the number
of baffles is varied from 0 to 3 and the desorption time of all three baffles is varied. The range is
smaller since the simulations are much more time consuming. Again, an arctangent function as
introduced in (4.26) is fitted to the data (see figure 4.7).

Extrapolating with this function is not recommended since the χ2-values are not good. The sup-
pression efficiency of 219Rn emanating from the wall is not good. At most a reduction of about
51 % is expected with three cold baffles.

In the case of 220Rn at most suppression efficiencies of about 93 % are expected in the case of
three cold baffles. This implies that 7 times more 220Rn background emanating from the wall can
be suppressed by the liquid-nitrogen cooled baffles.

Next, the NEG strips are considered as a source of 219Rn. Currently there are only NEG strips
installed into the pump ports 2 and 3. The simulations are depicted in figure 4.8. Here not only
the number of cold baffles is important but also which baffles are cold, since only pump port 2
and 3 are equipped with NEG strips. Up to now the following configurations have been simulated:
all baffles warm, baffle 3 cold, baffle 1 and 2 cold, baffle 2 and 3 cold and all cold baffles. The
setting with warm baffles yields a reduction of 18 % due to the TMPs. The setting with baffle 3
cold results in a maximal reduction of about 68 % for large desorption times. In this case, baffle
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Figure 4.7: The scenarios of either 219Rn or 220Rn emanating from the vessel are investi-
gated. The dependency of the suppression efficiency on the desorption time τdes is
shown. The data points simulated with MOLFLOW+ are shown. The number of
baffles influences the suppression efficiency. Therefore, the scenario with 0 (blue),
1 (red), 2(cyan) and 3 (magenta) cold baffles is investigated. top: The simulations
for 219Rn are shown. In addition each data set is fitted with an arctangent function.
bottom: The same is done for 220Rn.
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Figure 4.8: 219Rn emanating from the getter is investigated. The suppression efficiency of
radon-induced backgrounds by the liquid-nitrogen cooled baffles is simulated for
219Rn emanating from the getter residing in the pump ports 2 and 3. Therefore, we
expect different behaviours for cooling down either a baffle in these pump ports or the
one in pump port 1. The combinations of cold baffles investigated are: 0 baffles cold
(blue), baffle 3 cold (red), baffle 1 and 2 cold (cyan), baffle 2 and 3 cold (brown) and
baffle 1,2, and 3 cold (magenta). Furthermore, an arctangent function was fitted to
each simulation which describes the simulations well. The statistic boxes correspond-
ing to the fits are coloured the same way as the fits.

3 blocks all the radon emanating from the NEG-strips in its pump port resulting in a reduction of
50 %. It also pumps roughly 26 % (see figure 4.8) of the radon emanating from the NEG-strips in
pump port 2. This leads to an additional reduction of 26 % · 50 % = 13 %. Since both baffle 2
and 3 have NEG-strips in their respective pump ports the same behaviour is expected if the baffle
2 is cooled instead of baffle 3. Baffle 1, however, is expected to show a different dependency.
It is expected that it behaves more like the 1 baffle scenario for 219Rn emanating from the wall
resulting in a value of about 28 %. Therefore, the cool-down of baffle 1 is expected to be much
less significant than the cool-down of baffle 2 or 3.

The cool-down of baffles 1 and 2 yields a reduction of 74 % for large desorption times. This
represents an improvement of only 7 % when compared to the scenario where baffle 3 is cooled.

Cooling down baffle 2 and 3 yields a reduction of 100 % for large desorption times. The reason for
the perfect suppression in the simulation scenario is the special geometry of the baffles. They block
the direct line of sight between the main spectrometer volume and the NEG strips. Therefore each
radon atom has to touch a baffle surface at least once and stays adsorbed for long times before
reaching the main spectrometer. A more realistic scenario includes a chance that not all hits of
radon on a baffle surface lead to adsorption. This factor can be included in an effective desorption
time. Therefore, no additional simulations are required. However, it is important to keep in mind
that reaching exactly 100 % is not realistic because of the deviation of the adsorption probability
from 100 %. As is expected due to the positioning of the NEG strips the scenario where baffle 2
and 3 are cooled differs significantly from the scenario where baffles 1 and 2 are cooled.
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Figure 4.9: The additional 220Rn source is investigated separately. The source is attached to
pump port 3 and the dependency of the suppression efficiency of radon decays in the
main spectrometer volume is investigated. Only the temperature of baffle 3 is varied
while the other baffles are warm. An arctangent is fitted to the data points.

The scenario of 3 cold baffles closely resembles the scenario with baffle 2 and 3 being cooled
since the influence of baffle 1 is minor. Again an arctangent is fitted to the data. The arctangent
describes the data well and can be used to extrapolate to lower values.

The final simulation describes an additional 220Rn source connected to pump port 3 (figure 4.9).
The effect of the cool-down of baffle 3 is investigated. Again, for high desorption times the
suppression efficiency is 100 %. As before this result is not entirely realistic since the adsorption
probability is not 100 % therefore reducing the suppression efficiency.

Again an arctangent function was fitted to the data points available. The limit for low desorption
times is 28 % and is slightly higher than for 220Rn emanating from the vessel. The reason is the
short distance to the TMPs and the baffle restricting the movement of the 220Rn atoms out into the
main volume of the spectrometer.

4.4 Comparison of the different models
The parameters which have been obtained with the Simplified Model are the limits τdes→ 0 and
τdes → ∞ of both the Numerical Model and the MOLFLOW+ simulations. As the Simplified
Model is a special case of the Numerical Model with the additional constraint of τdes = 0 s, it is
expected that both models provide the same results for the same set of parameters. These values are
compiled in table 4.2 for emanation of radon from the wall of the main spectrometer. Furthermore,
the measurements for 219Rn emanating from the getter and the measurements with an additional
source are compiled in table 4.3.

As expected the Simplified Model and the Numerical Model do not differ. In addition the compar-
ison of the limits of these two models with the MOLFLOW Simulations are in good agreement.

The numerical and the MOLFLOW Simulations both allow to investigate the dependency of the
suppression efficiency on the desorption time for both radon isotopes (see figure 4.10). In addi-
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Table 4.2: Comparison of the different models for radon emanating from the walls. The Sim-
plified Model, the Numerical Model and MOLFLOW+ simulations all yield suppres-
sion efficiencies for the limits of the mean desorption time. The isotope, the limit of
τdes which is currently investigated, the suppression efficiency of the Simplified Model
εSM, of the Numerical Model εNM and of the MOLFLOW Simulations εMF are given.

Rn isotope Limit Number of εSM εNM εMF

cold baffles in % in % in %
219Rn (Wall) τdes → 0 0 1.59± 0.06 1.60± 0.06 4± 2
219Rn (Wall) τdes →∞ 1 1.59± 0.06 1.60± 0.06 4± 2

1 23.0± 0.9 23.0± 0.9 26± 1

2 37± 1 37± 1 41± 1

3 46± 2 46± 2 51± 1
220Rn (Wall) τdes → 0 0 18.5± 0.7 18.5± 0.7 20± 2
220Rn (Wall) τdes →∞ 0 18.5± 0.7 18.5± 0.7 20± 2

1 81± 3 81± 3 80.9± 0.4

2 89± 4 89± 4 89.7± 0.2

3 92± 4 92± 4 93.0± 0.1

tion to the offset of the limits the numerical curve is shifted by one order of magnitude to lower
desorption times when compared to the curve obtained with the MOLFLOW data. This effect
is most likely caused by the baffle geometry. Only a fraction of radon atoms hitting the baffle
is re-desorbed into the direction of the main spectrometer volume. For the most part the radon
atoms, which desorb from the baffle, hit the baffle again at a different position. It is expected that
the inclusion of this effect would results in a shift of the Numerical Model to values closer to the
MOLFLOW Simulations.

Lastly, the models differ in computation time. The Simplified Model is a simple function and can
be calculated within seconds. The Numerical Model requires a program to solve the differential
equations and about 20 s to calculate the efficiency for one specific desorption time. As this model
is implemented in C++ the number of data points calculated within one run can be increased
arbitrarily thus minimising the manpower needed. The MOLFLOW model requires at least 10 min
for short desorption times and up to several hours for long desorption times on the order of τdec in
order to calculate the efficiency for one set of parameters. In addition each MOLFLOW Simulation
has to be started manually making simulations rather slow. As a final possibility the arctangent
fit to the MOLFLOW+ data can be used to calculate data points at an arbitrary desorption time
within seconds. Despite the long simulation time, the MOLFLOW models are the most accurate
description of the radon suppression in the main spectrometer. Therefore, they are used for the
analysis of the measured data in section 6.
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Table 4.3: Comparison of the different models for radon emanating from the NEG or the ad-
ditional 220Rn source . The MOLFLOW+ simulations yield suppression efficiencies
for the limits of the mean desorption time. The Simplified model assumes adsorbed
particles to stay on the surface forever for τdes → ∞ which leads to a prediction of
εSM = 100 %. The Numerical Model is not available for sources in a pump port. The
"-" sign states that the corresponding model cannot be applied for the scenario.

Rn isotope Limit Cold baffles εSM εNM εMF

in % in % in %
219Rn (NEG) τdes → 0 all warm - - 18± 2
219Rn (NEG) τdes →∞ 3 - - 67.7± 0.7

1; 2 - - 73.6± 0.5

2; 3 100 - 99.91± 0.002

1; 2; 3 100 - 99.92± 0.002
220Rn (Source) τdes → 0 all warm 0 - 29± 1
220Rn (Source) τdes →∞ 3 100 - 99.9975± 0.0008
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Figure 4.10: Comparison of the numerical and the MOLFLOW Simulations. The numerical
simulations and the MOLFLOW Simulations are compared for the scenarios with
radon emanating from the main spectrometer vessel. The number of baffles is varied
from 0 to 3. For each of these scenarios the suppression efficiency is determined
for varying τdes. The results presented here are the arctangent fit to the data points.
Please note that the MOLFLOW Simulations are missing data points to cover the
whole range. The curves presented for the MOLFLOW Simulations are only ex-
trapolations for values lower than 0.5 s. In this area of low desorption times only the
endpoints for τdes = 0 have been verified. top: The simulations have been performed
for 219Rn. bottom: In addition, the simulations for 220Rn are depicted.
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4.5 Conclusion
The important limits of the performance of the baffle system have been investigated by three
different models, the Simplified Model, the Numerical Model and the MOLFLOW Simulations.
Cryosorption of radon atoms on the cold baffle surfaces is not permanent. Radon can be desorbed
after a mean residence time of τdes, which depends strongly on the temperatures of the baffles.
Therefore, the residence time is an important parameter for the understanding of the behaviour
of the baffle performance. In the Numerical Model and the MOLFLOW Simulations τdes is an
integral part of the model, while for the Simplified Model τdes is only taken into account indirectly
through the pumping speed SBaffle. The value of SBaffle has been determined with a MOLFLOW
simulation for different sticking coefficients α = 100 % which corresponds to τdes →∞.

By considering residence times much larger than the lifetime of the respective radon isotope, it
is found that 220Rn emanating from the vessel can be suppressed with an efficiency of up to
(93.0± 0.1) %, while 219Rn emanating from the main spectrometer vessel can only be suppressed
by (51± 1) %.

Furthermore, the MOLFLOW Simulations allow to study the suppression efficiency of 219Rn
emanating from the two sets of NEG strips located in pump port 2 and 3. With only baffle 3 cold
the simulation produces a maximal suppression efficiency of (67.7± 0.7) %, while the cooldown
of the baffles 1 and 2 allows for a maximal suppression efficiency of (73.6± 0.6) %. When baffle
2 and 3 are cold a suppression efficiency of 100 % can be achieved. The same is valid when all
three baffles are considered. As the dependency of the suppression efficiency of radon decays
on τdes is described by the models, it is possible to compare the simulated baffle efficiency for
different τdes with measured data in order to learn more about the desorption process. This will
allow to predict the efficiency of radon suppression for different setups such as the final setup with
three NEG pumps instead of two and three cold baffles.

All three simulations return similar results for radon emanating from the main spectrometer vessel.
The values obtained are in good agreement.

An arctangent fit can parametrise the simulations well. This fit can be used to interpolate between
measurement points, allowing to reduce the number of time consuming simulation points, thus
saving computation time and the time spent to set up a MOLFLOW model.

Finally, it is strongly recommended to perform additional MOLFLOW Simulations increasing the
range covered by the simulations down to 10−2 s as the suppression efficiency changes signifi-
cantly between the last simulated points and this value. Furthermore, two more simulations at
10−3 s and 103 s,respectively, would allow for more stable fits.
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5. Measurements of the radon-induced
background

In this chapter the radon-induced background originating from the main spectrometer and its sup-
pression by liquid-nitrogen cooled copper baffles are investigated. Radon is a background source
of critical importance since its contribution to the total background rate exceeds the design limit
of 10−2 cps [KAT05] [Mer13]. The importance of this background was shown by measurements
at the pre-spectrometer [Fra10] [Goe12], simulations [Mer13] [Wan13] and further measurements
at the main spectrometer during the initial commissioning phase of the spectrometer and detector
section (SDS-I) [Goe14] [Sch14]. A major achievement of this phase was the experimental proof
that the detected radon-induced background is significantly suppressed by liquid-nitrogen cooled
copper baffles. Since the high-voltage separators of the liquid-nitrogen supply system were not
available during the SDS-I commissioning phase it was only possible to operate the baffle sys-
tem at low temperatures for a short time (7 h) while the retarding potential was applied to the
main-spectrometer vessel.

For the second commissioning phase (SDS-II) these high-voltage separators were implemented
(see section 3.5) in order to operate the baffles as required, even at high voltage. With this setup,
it is possible to perform measurements at artificially elevated pressures in the main spectrometer
which allows to efficiently search for radon-induced events in the data (section 5.1). The reduction
of radon-induced background by different combinations of liquid-nitrogen cooled copper baffles is
discussed in detail as well (section 5.2). The temporary installation of an additional radon source
allows to study the influence of its contribution to the background (section 5.3) and the temperature
dependence of the background reduction (section 5.4). The latter is compared with simulations of
the radon background (section 5.5).

5.1 Identification of background originated by stored particles

The radon α-decay is accompanied by the emission of electrons by various processes (see section
3.2). These electrons can be stored in a MAC-E filter like the KATRIN main spectrometer (see sec-
tion 3.1). A magnetically trapped electron can ionize residual-gas particles and create secondary
electrons which may leave the spectrometer, hit the detector and produce background. In order
to investigate the radon-induced background it is essential to separate it from other background
sources. This can be achieved by searching for event clusters featuring characteristic ring-like
patterns at the detector.
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Measurements at artificially elevated pressures

The identification of stored particles is based on electrons resulting from ionisations of residual-gas
atoms and molecules. For elevated pressures the electron scattering probability P scales propor-
tionally to the number of targets [Wan13].

P = n · σ · s (5.1)

where n is the number of targets per volume, σ is the scattering cross section and s is the electron
path length. Based on these properties it is possible to calculate the mean free path λ.

λ =
1

n · σ
(5.2)

By utilizing the ideal-gas law the density of target atoms n can be calculated as a function of the
pressure p.

p · V = N ·R · T (5.3)

⇔ n =
N

V
=

p

R · T
(5.4)

where V is the gas volume, N is the target number, R is the gas constant and T is the temperature.
By assuming a non-relativistic scenario it is now possible to determine the mean time between two
scattering events tscatter.

Ekin =
1

2
·me · V 2 =

1

2
·me ·

(
λ

tscatter

)2

(5.5)

tscatter =

√
me · λ2

2 · Ekin
(5.6)

Using (5.2) and (5.4) this equation can be written as:

tscatter =

√
me

2 · Ekin
· 1

σtot · n
=

√
me

2 · Ekin
· R · T
σtot · p

(5.7)

From (5.7) it is evident that the scattering time is anti-proportional to the pressure. This de-
pendence is shown exemplarily in table 5.1. From the numbers obtained it can be seen that for
increasing pressure the events created by one stored electron occur during shorter timescales.
At 10−8 mbar the mean time interval between two scattering events is 0.1 s. This means that
a deviation from the KATRIN standard operating pressure (10−11 mbar) to elevated pressures
(10−8 mbar) enables the accumulation of events induced by stored particles on short time periods.
This allows to separate the background produced by stored electrons from other backgrounds by
searching for the occurrence of temporally localised spikes in the event rate. These event clus-
ters can be clearly seen in the trend of the event rate from a typical background measurement at
elevated pressure (see figure 5.1). In addition, it can be observed that the three operated copper
baffles installed in the three pump ports of the main spectrometer significantly reduce the number
of these clusters. This reduction is expected for radon as a source of stored electrons.

Ring search

One way to search for background originated by stored particles is to make use of their magnetron
drift in a MAC-E filter (see section 3.1), resulting in detector hits with a ring-like structure (see
figure 5.2). However, in order to ensure the validity of this detection method the cluster multiplicity
needs to be at least as high as 10 [Sch14]. In order to avoid the loss of statistics a more sophisticated
way to detect such clusters is required.



5.1. Identification of background originated by stored particles 63

Time in s
0 2000 4000 6000 8000 10000

E
ve

nt
 r

at
e 

in
 c

ps

0

2

4

6

8

10

12

14 Warm baffles

Cold baffles

Figure 5.1: Rate trend of measurements with a warm baffle and a cold baffle configuration.
The rate trend of a configuration with three warm baffles (red) is compared to a mea-
surement with three cold baffles (blue). The clusters are visible as spikes in the event
rate. The comparison of these measurements yields a strong decrease of clusters for
cold baffles. This reduction is equivalent to a diminution of the processes creating the
corresponding background events.

Time-interval threshold and multiplicity threshold

At elevated pressures the events originated from stored particles have lower inter-arrival times than
from other background sources. This temporal correlation can be utilised to enrich the sample
with background produced by stored particles. The distribution of inter-arrival times for a typical
measurement is depicted in figure 5.3. It follows an exponential dependency for inter-arrival times
with ∆t ≥ 0.2 s as it is expected for uncorrelated events. At smaller time scales the exponential
dependency becomes invalid due to the highly correlated background induced by stored electrons
at elevated pressure.

Two successive events originated from other backgrounds have a considerable chance to pass the
chosen time threshold. This is hinted by the extrapolation of the exponential function to lower
inter-arrival times in figure 5.3. In order to suppress these false positives the number of consecutive
events that have to occur within ∆t = 0.2 s of a next event have to be considered. This number is

Table 5.1: Pressure dependence of the mean time interval between two scattering events. The
mean time interval between two scattering events is given for me · c2 = 511 keV,
T = 19 ◦C and Ekin = 10 keV with a corresponding total scattering cross section of
σ = 6.4 · 10−18 cm2 [Wan13].

Pressure in mbar Scattering time in s

10−8 0.11
10−9 1.1
10−10 11
10−11 110
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Figure 5.2: Event cluster mapped on the corresponding pixels of the detector. The number of
detected events for each pixel within a typical rate spike is shown in the pixel map.
The resulting ring structure is expected due to the storage conditions of MAC-E filters,
in particular due to the magnetron drift of electrons.

called multiplicity N . In the scope of this work N ≥ 5 is chosen as a boundary.

The last remaining problem is temporal overlapping of clusters. It becomes more probable both
for an increasing number of clusters per time and for decreasing pressure. Due to the dependency
on the cluster rate CRn the measurements with an additional radon source are prone to this effect.
In order to investigate this behaviour the occurrence of the clusters is assumed to be Poisson-
distributed in time. For such processes the probability O that two clusters arrive within a certain
time-interval ∆td of each other can be calculated [Sch14].

O =

∆td∫
0

e−CRn·t dt

∞∫
0

e−CRn·t dt

(5.8)

= 1− e−CRn·∆td (5.9)

With a multiplicity of N = 5 and a time-interval threshold of ∆t = 0.2 s the mean cluster rate
is CRn = 0.38 s−1 with warm baffles, but with the radon source and a mean cluster duration of
∆td = 0.35 s (see figure 5.4), so that the probability of overlaps is O = 12.5 %. Additionally,
an integration over all cluster durations yields that 34 % of the measurement time is covered by
clusters. This will lead to an overestimation of events included in clusters.

In conclusion, an event cluster is characterised by a cut on the event inter-arrival time (∆t ≤ 0.2 s)
and a cut on the event multiplicity (N ≥ 5). This characterisation allows to efficiently search for
clusters in the background rate.
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Figure 5.3: Inter-arrival time and multiplicity. On the left-hand side the inter-arrival times of
successive events are presented (blue). An exponential fit f(∆t) = c · exp(e · ∆t)
is applied to the data from 0.2 s to 1 s (red exponential function) and extrapolated
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are not shown due to the not negligible possibility of contamination of the data with
accidental contributions by other backgrounds. Furthermore, a power-law f(N) =
c ·Nn has been fitted to the event multiplicity.
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Figure 5.4: Cluster duration for a measurement with a radon source behind the warmed-up
baffle in pump port 3. The corresponding measurements were taken with the pres-
sure elevated to 1 · 10−8 mbar and a radon source with fully opened valve installed
in the pump port 3 behind the warmed-up baffle. The mean duration of a cluster is
(0.35± 0.27) s. As an error estimate the root mean square value is taken since this is
a non-Gaussian-distributed value.
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Measurement parameters

In order to gain insight into the behaviour of the background originated by radon different com-
binations of operating cold baffles were used with and without an artificial radon source installed.
There were several measurement parameters remaining constant during all measurements: The
voltage of the main-spectrometer vessel UVessel = −18.5 kV, the voltage of the inner electrode
(IE) UIE = −18.6 kV, the voltage of the post-acceleration electrode (PAE) UPAE = 10 kV, and
the magnetic-field configuration represented by its value at the analysing plane B = 5 G are the
most important settings. Only 142 of the 148 detector pixels are used for the following analyses.
The excluded ones are pixels 10, 34, 58, 82, 106 and 130 due to a defect of the corresponding
pre-amplifier card. The position of these pixels can be seen in figure 5.2. Only low-energetic
negatively charged particles with energies EMS on the order of 1 eV in the analysing plane can
escape the main spectrometer. On their way to the detector these particles gain energy due to
the potential of the analysing plane UIE, the post acceleration voltage UPAE and the bias voltage
UBias = 0.12 kV of the FPD detector. In total the energy of the electrons reaching the detector is

E0 = EMS + e · (−UIE + UPAE + UBias) = 28.72 keV (5.10)

The FWHM1 energy resolution of the FPD detector is ∆E ≈ 2 keV at E0, thus, the energy region
of interest is defined by E0 − 3 keV to E0 + 2 keV. With E0 from (5.10) the region of interest for
electrons being low-energetic in the main spectrometer is 25.72 keV to 30.72 keV. This parameter
is valid for all runs used in this thesis.

The parameters used for the background measurements with different baffle configurations are
summarised in table 5.2. The measurements with the artificial radon source are split into two
sections: measurements with constant temperature settings can be found in table 5.3 while the
measurements with temperature variations are summarised in table 5.4.

The baffle temperature was varied by controlling the liquid-nitrogen flow. In this context, there
are several parameters which were utilised: the minimal and the maximal valve-opening positions
vmin and vmax of the liquid-nitrogen supply line connected to baffle 3, the minimum temperature
Tmin and the maximal warm-up ∆T above Tmin. In this range the valve was opened corresponding
to:

vcurrent =


vmax if Tcurrent ≥ Tmin + ∆T

vmin + Tcurrent−Tmin
∆T · (vmin − vmax) if Tmin < Tcurrent < Tmin + ∆T

vmin if Tcurrent ≤ Tmin

(5.11)

The values used during measurements 1 to 4 are summarised in table 5.5.
1Full Width at Half Maximum

Table 5.2: Measurement parameters during background measurements. All measurements
were performed with a pressure of p ≈ 10−8 mbar in the main spectrometer. The run
numbers, the voltage of the steep cones (SC) USC, and the mean rate of events within
the region of interest including statistical uncertainties are given for each combination
of baffles cooled to liquid-nitrogen temperatures.

Runs Cooled baffles USC Mean event rate
in V in mcps

20972 to 20990 none 0 1064± 4

21113 to 21135 2 0 761± 3

24039 to 24082 1; 2 1 768± 2

20922 to 20965 2; 3 0 589± 2

22064 to 22125 1; 2; 3 1 587± 2
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Table 5.3: Parameters for measurements with an additional radon source. The measurement
parameters and run numbers used for the determination of the baffle efficiencies are
listed. There are several parameters: the positioning of the radon source, the opening
position of the valve separating the radon source from the main spectrometer and the
voltage of the steep cones (SC) USC. In addition, the mean rate of events observed is
given.

Runs Cooled baffles Positioning Valve opening USC Mean event
of radon source of radon source rate

in % in V in mcps

22126 to 22129 1; 2; 3 Pump port 2 100 1 1185± 10

22142 1; 2; 3 Port 110 80 1 761± 34

22144 to 22146 1; 2; 3 Port 110 82 1 1279± 17

22143 1; 2; 3 Port 110 85 1 2732± 61

22141 1; 2; 3 Port 110 90 1 3234± 61

22172 to 22173 1; 2; 3 Port 110 100 1 3595± 26

22401 to 22410 1; 2; 3 Pump port 3 100 1 661± 4

23992 to 23995 1; 2 Pump port 3 100 1 6500± 100

Table 5.4: Parameters for measurements with an additional radon source at different tem-
peratures. The valve of the 220Rn source is opened to 100% and connected to pump
port 3 for all measurements. In the table the run numbers, the temperature range of
baffle 3 and the mean cluster rate are listed. These cluster rates have to be taken only
as a first impression since the values are unstable due to the variation of the tempera-
ture. The temperature of baffle 3 is approximated by the sensor positioned in the middle
of the baffle (KATRIN number 435-RTP-5-3082). Please note that the runs 23964 to
23966 were taken during the warm-up of the baffle which is why no useful mean rate
can be given.

Measurement Runs Pressure Baffles varying Temperature range Mean cluster
in temperature of baffle 3 rate

in mbar in K in mcps

1 22395 to 22410 10−8 1; 2; 3 86.9 to 88.6 10.8± 0.5

2 23807 to 23809 < 10−8 3 88 to 96.3 81± 2

3 22429 to 22443 < 10−8 3 97 to 101 126± 2

4 22459 to 22472 < 10−8 3 100.2 to 113 173± 2

5 23964 to 23966 10−8 3 87.4 to 128.6 -
6 23992 to 23995 10−8 3 290.4 to 292.3 378± 5
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Table 5.5: Settings for the liquid-nitrogen flow through baffle 3. The liquid-nitrogen flow
through baffle 3 is defined by four set parameters: the minimum temperature Tmin,
the temperature increase ∆T , the minimal and maximal valve-opening positions vmin

and vmax. These values are summarised for the measurements 1 to 4.
Measurement Runs Temperature range Tmin ∆T vmin vmax

of baffle 3
in K in K in K in % in %

1 22395 to 22410 86.9 to 88.6 82.4 3.8 1.9 4.0

2 23807 to 23809 88 to 96.3 84 14 1.8 3.1

3 22429 to 22443 97 to 101 96.6 9 1.8 4.0

4 22459 to 22472 100.2 to 113 104.8 14 1.8 3.8

5.2 Background reduction by liquid-nitrogen cooled copper baffles
A major goal of the SDS-II commissioning phase was to quantitatively determine the reduction
of the radon-induced background by liquid-nitrogen cooled copper baffles. In order to investigate
this reduction different combinations of baffles were cooled down to liquid-nitrogen temperatures
while the detector rate was measured in the region of interest. A summary of the measurements
taken can be found in table 5.2.

5.2.1 Determination of radon-induced backgrounds and the remaining background
rate

The reduction of radon-induced background with different baffles operating at liquid-nitrogen tem-
peratures enables the determination of the remaining background, which is not induced by stored
particles, and the efficiency of the suppression of observable radon-induced decays. In order to
gain knowledge on these parameters a greatly simplified background model needs to be established
first.

The background observed by the detector can be separated into three components with respect to
radon-induced events:

• The first component of the background is the radon-induced background which consists of
clusters obtained by the inter-arrival time cut (∆t ≤ 0.2 s) and the multiplicity cut (N ≥ 5).
As an abbreviation CRn will be used in the following.

• The second component of the background is the radon-induced background which is not
contained within clusters. One reason for the loss of clusters is the multiplicity cut. An
additional reason is the possibility of a radon decay yielding only one electron arriving at
the detector. Such single electrons cannot be separated from other backgrounds. Lastly,
there is also an enhanced probability that they leave the main spectrometer in the direction
of the pre-spectrometer. This does also reduce the observed multiplicity and might put the
number of events reaching the detector below the multiplicity threshold. As an abbreviation
SRn will be used in the following.

• The last component is background which is not induced by radon in general. As an abbre-
viation R will be used in the following.

With these three fractions the total background rate Rtot can be expressed as

Rtot = CRn + SRn +R. (5.12)

CRn and SRn are both produced as a consequence of radon decays. Since the energy of the stored
primary electron determines the number of produced secondary electrons the ratio between CRn
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and SRn depends on the energy distribution of the primary electrons (see section 3.2), but, in
particular, is independent of the number of radon α-decays and thus independent of the baffle
temperature. This allows to use the simplification

SRn

CRn
= α = const. (5.13)

which leads to

Rtot = CRn · (1 + α) +R (5.14)

Formula (5.14) states that the total rate scales linearly to the rateCRn found in clusters. In addition,
the Rtot-intercept gives the remaining background which is induced by non-radon-like events
R. Moreover, the remaining background rate originated by radon for three cold baffles can be
determined. In this case, the remaining radon-induced background rate RRn can be calculated:

RRn = rcb −R (5.15)

where rcb is the mean background rate for 3 cold baffles. In principle, it is possible to correct
the absolute background rates with respect to the removal of the non-working 6 detector pixels,
assuming that the background scales linearly with the number of pixels taken into account. This
is only correct in a first approximation, since each detector ring maps a different flux-tube vol-
ume. However, the difference of the observed value is smaller than 10 %. Therefore, the corrected
remaining background rate by non-radon events is Rcor and the remaining radon-induced back-
ground is RRn,cor for 148 pixels.

Rcor =
148

142
·R (5.16)

RRn,cor =
148

142
·RRn (5.17)

In order to confirm (5.15) and to gain insight into the remaining background rate measurements
with varying amounts of radon α-decays inside the main-spectrometer volume were performed.
Since the NEG pumps are a known radon source it was possible to vary the amount of radon
decaying in the flux tube by utilizing different combinations of baffles cooled to liquid-nitrogen
temperatures. In total, measurements were taken with warm baffles, baffle 1 cold, baffles 1 and
2 cold, and baffles 1, 2 and 3 cold. A summary of the performed background runs and important
measurement parameters can be found in table 5.2. The results of these measurements for clusters
with multiplicitiesN ≥ 5 and inter-arrival times ∆t ≤ 0.2 s are shown in figure 5.5. A linear func-
tion representing (5.15) is fitted to the taken data points. This fit yields a remaining background
rate of R = (0.562± 0.002) cps for 142 pixels which is not induced by stored particles. Further-
more, the liquid-nitrogen cooled copper baffles reduce the observed background significantly from
(1.064± 0.004) cps to (0.587± 0.002) cps. Therefore (5.15) yields RRn = (0.025± 0.003) cps
which is still a factor of 2.5 larger than the designed rate of 0.01 cps required to achieve the spec-
ified sensitivity of the KATRIN experiment. In order to be able to suppress the radon-induced
background more efficiently additional active background-removal methods are needed. Promis-
ing methods are electron cyclotron resonance [Mer13], or the utilization of static and pulsed elec-
tric dipoles or magnetic pulses [Wan13].

In order to gain better statistics additional measurements were performed with an artificial radon
source. The valve separating the radon source and the main spectrometer was opened to certain
positions given in percentages and the position of the radon source was varied as well. The per-
formed measurements can be found in table 5.3. The taken data points are diagrammed in figure
5.6. In addition a linear fit is shown. Within the uncertainties of the fits the remaining background
rate R = (0.564± 0.002) cps is the same as without the 220Rn source. The remaining radon-
induced background rate is also similar with RRn = (27± 3) mcps. The slope of the fit remains
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Figure 5.5: Total event rate over event rate within clusters for the background measure-
ments. The total event rate in dependence of the rate of events contained in clusters
is given. The data points are obtained with different sets of cold baffles: all baffles
warm (red), the baffle in pump port 2 cold (orange), the baffles in pump ports 1 and
2 cold (magenta), the baffles in pump ports 2 and 3 cold (cyan), and all three baffles
cold (blue). A linear function Rtot = m · CRn + c is fitted to these data points (black
line).

unchanged within the observed uncertainties. The consistency of the background measurements
with and without additional radon source is a strong evidence that the background is induced by
radon. An effect of the cooling of the operating baffles to liquid-nitrogen temperatures indicates
radon as a background source as well.

When the source is connected to the main spectrometer directly (port 110) and the corresponding
valve fully opened the measurement point drops off from the linear fit. One reason is the overlap
of clusters discussed in section 5.1. Another oddity is that the rates for one cold baffle in pump
port 2 are lower than for cold baffles in pump ports 1 and 2. This is the inverse of the expected
order. This will be discussed in section 5.3.

In addition to the remaining background rate the efficiency of the radon suppression can be calcu-
lated for different setups of the three operating copper baffles.

5.3 Suppression of radon-induced background by the copper baffles
The efficiency ε of the suppression of the background induced by radon α-decays is calculated by
comparing the number of clusters found into two data samples with different baffle configurations.
As reference value the measurements with warm baffles were taken.

ε = 1− Cs1

Cs2
(5.18)

where Cs1 and Cs2 are cluster rates for measurements with two different combinations of cold
baffles. The configurations used are summarised in table 5.3. The corresponding efficiency is
calculated for multiplicity cuts ranging from 2 to 20 to study the dependency.
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Figure 5.6: Total event rate over event rate within clusters for measurements with and with-
out artificial radon source. The background runs are colour coded as in figure 5.5.
The measurements with the artificial radon source are taken with three cold baffles
(green). The measurements with the radon source include measurements with the
source mounted on top of the main spectrometer with valve-opening positions varying
between 80 % and 100 % and one measurement with the source mounted in pump port
2 behind the baffle system (green cross). A linear functionRtot = m ·CRn +c is fitted
to these data points (black line).

5.3.1 Efficiency of the suppression of radon-induced background

The suppression efficiency of the number of observed clusters is determined for different baffle
configurations. The highest efficiency is expected when comparing the measurements with all 3
baffles cooled to liquid-nitrogen temperatures (T = 86 K) with measurements at room tempera-
ture (T = 292 K). The resulting multiplicity dependence of the efficiency is plotted in figure 5.7.
It is evident that for low multiplicities of N < 5 the determined efficiency deviates strongly from
the mean value. As discussed already in section 5.2.1 the reason is the contribution of acciden-
tal accumulations of events forming false clusters. Consequently, only multiplicity thresholds of
N ≥ 5 are taken into account to calculate the mean efficiency. Events caused by radon α-decays
are suppressed efficiently which confirms the results obtained during SDS-I [Goe14] [Sch14]. Fur-
thermore, the actual efficiency found by this conservative approach is ε = 97+2

−3 %. The efficiency
increases for all sets and is not distributed randomly around the mean. The reason is that the
measurement points are correlated due to the integral character of this analysis method: The same
cluster number used for a certain threshold N1 is contained within all data sets with multiplicities
ofN2 < N1. The surplus of high-multiplicity clusters for warm baffles is present when comparing
it to all other background measurements. Its cause might be a certain fluctuation of the cluster
count of the measurements with warm baffles.

Efficiency 1 from table 5.6 gives the reduction for one single cold baffle. In the simplified case of
219Rn emanated from the NEG material in the pump ports 2 and 3 dominating the radon-induced
background, the optimal possible efficiency is 75 %. A reduction of 50 % is expected since baffle
2 blocks the direct line of sight of the getter material in pump port 2 to the main-spectrometer
volume and fully suppresses 219Rn coming from the NEG strips in the ideal case. Additionally,
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Figure 5.7: Cluster-suppression efficiency of three cold baffles in dependence of the cluster
multiplicity. The efficiency is calculated according to (5.18) with setting 1 being
the combination of three cold baffles and setting 2 utilising three warm baffles. The
resulting efficiency is plotted in dependence of the multiplicity threshold applied for
the cluster determination (red). In addition, the mean multiplicity calculated for N ≥
5 is shown (black line). Furthermore, a conservative uncertainty approximation is
done by taking the lowest and the highest efficiency contained within the one-sigma
intervals of efficiencies N ≥ 5 (grey band). The resulting suppression efficiency
provided by the liquid-nitrogen cooled copper baffles is ε = 97+2

−3 %.

for optimal conditions a reduction of 50 % for the radon emanated by the getter material in pump
port 1 is expected. The value obtained by the measurements is 71+7

−10 % and is consistent with the
basic expectations.

When comparing efficiencies 1 and 2 from table 5.6 the additional effects on the cool-down of
the baffle in pump port 1 which does not contain any NEG material is studied. The additional
efficiency is expected to be around 50 % of the remaining rate. However, no change is observed
within the error estimation of 66+10

−9 %. When comparing the amount of clusters directly the ef-
ficiency obtained by the cool-down of baffle 1 is −16+18

−17 %. Within the estimated uncertainties
the reduction is barely compatible with 0. This behaviour is not consistent with the expectations
and is difficult to explain. As several months have passed between the two measurements there
is a possibility that hardware changes have influenced the observed rates. One major change was
the additional installation of the radon source. However, the corresponding valve was fully closed
during the measurements and no significant contribution of the isolated source is expected.

The cool-down of the baffles in pump ports 2 and 3 yields an efficiency of cluster suppression
by 93+3

−2 %. This translates to an additional suppression of ε6 = 77+7
−3 % when comparing to the

baffle in pump port 2 cold only. The additional cool-down of baffle 3 has about the same impact
as the cool-down of baffle 2. Due to the shielding of the NEG material in pump port 2 by the
corresponding baffle, a lower value is expected for equally operating baffles. It is possible to
explain this with different suppression efficiencies of baffles 2 and 3. Further proof of this solution
can be obtained by comparing the cluster rate with an additional radon source temporarily installed
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Table 5.6: Summary of the background measurements with different cooled baffles. The mea-
surements summarised in table 5.2 are used to calculate the influence of the baffle cool-
down to the cluster rate. As reference, the efficiency calculations are shown, as well
as the two settings Cs1 and Cs2 which are compared and the mean efficiency which is
determined for N ≥ 5.

Efficiency Setting Cs1 Setting Cs2 Mean efficiency
Baffles cold Baffles cold in %

1 2 none 71+7
−10

2 1; 2 none 66+10
−9

3 2; 3 none 93+3
−2

4 1; 2; 3 none 97+2
−3

5 1; 2 2 −16+18
−17

6 2; 3 2 77+7
−3

7 2; 3 1; 2 80+6
−3

8 1; 2; 3 2; 3 49+25
−19

in the corresponding pump ports (see section 5.3.2). Lastly, a comparison with the measurements
with baffles 1 and 2 cold is done. For the scenrio of radon being primarily emanated from the
main spectrometer vessel it is expected that the two scenarios do not differ. However, the resulting
efficiency ε7 = 80+6

−3 % is not compatible with 0. This is a strong indication that the NEG material
residing in pump ports 2 and 3 is the dominant radon source in the main spectrometer.

The most important measurement of three copper baffles cooled to liquid-nitrogen temperatures
was discussed above in detail. The resulting efficiency is ε4 = 97+2

−3 %. When comparing this
value to the measurements with baffles 2 and 3 cold a second approach to determine the efficiency
of baffle 1 becomes available. This results in an additional efficiency of ε8 = 49+25

−19 % which is in
agreement with the values of the other two baffles. However, it also contradicts the comparison of
baffle 1 cold with baffles 1 and 2 cold which results in ε5 = −16+18

−17 %.

A more dedicated analysis of the suppression efficiency, of the remaining background rate and of
the total radon emanation rate is established in [Har15].

5.3.2 Measurements with an additional radon source

In addition to the determination of the background reduction for different baffle combinations,
measurements with an additional 220Rn source were performed. This enables another way to
determine the efficiencies of the baffles. However, it has to be taken into account that the source
behaves differently since it is a 220Rn source while the main source of the radon background is
expected to be 219Rn from the getters. Due to its longer half-life it is expected that for radon atoms
being emanated behind the baffles in one of the pump ports the suppression efficiency is decreased
when compared to 219Rn since they have more time to pass the baffle.

In the case of radon residing in the main spectrometer vessel the efficiency of reduction is increased
for 220Rn due to its longer half-life. In this case the longer half-life increases its chances to be
adsorbed by a baffle before it decays.

The efficiency calculations are summarised in table 5.7 while an overview of the measurements
can be found in table 5.3.

Effect of the baffle blocking the direct line of sight of the source to the main spectrometer

Firstly, the measurement with the radon source at pump port 3 will be discussed. During the first
measurement baffles 1 and 2 were held at liquid-nitrogen temperatures, during the second one the
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Table 5.7: Summary of the measurements with an additional radon source and different
cooled baffles. The efficiencies are calculated based on the measurements summarised
in table 5.3. The efficiencies are listed for reference purposes together with the settings
of the operating baffles and the position of the radon source.

Efficiency Setting Cs1 Setting Cs1 Setting Cs2 Setting Cs2 Efficiency
Baffles cold Source position Baffles cold Source position in %

1S 1; 2; 3 at pump port 3 1; 2 at pump port 3 99+1
−1

2S 1; 2; 3 at pump port 3 1; 2; 3 at pump port 2 87+5
−5

3S 1; 2; 3 at pump port 3 1; 2; 3 at port 110 98+1
−2

4S 1; 2; 3 at port 110 1; 2 at pump port 3 56+11
−9

5S 1; 2; 3 at pump port 2 1; 2; 3 at port 110 81+9
−5

baffle in pump port 3 was cooled, too, thus thermally blocking the direct line of sight of the source
to the flux tube. The resulting efficiency is ε1S = 99+1

−1 %. This means that even for 220Rn baffle 3
suppresses radon stemming from the region in the pump port separated from the main spectrometer
by the baffle. This result implies an even better suppression factor for 219Rn emanating from the
same region. Furthermore, the measurement with cold baffles and the radon source connected to
pump port 3 has an enhanced remaining cluster rate (CRn = (661± 4) mcps) when compared to
the measurements without radon source (CRn = (587± 2) mcps). This signifies that even at the
lowest temperatures a significant amount of 220Rn is able to pass the baffle before decaying.

Effect of one warm baffle to the background rate

When comparing the cluster rate of a measurement with the source mounted directly to the main
spectrometer with a measurement where the source is attached to pump port 3 and the corre-
sponding baffle is warm, the rate decreases by ε4S = 56+11

−9 %. The effect of the source position
contributes only an increase of about 2 % when connecting the source directly to the main spec-
trometer. However, here an opposing effect is observed. It originates from the reduction of the
number of baffles pumping 220Rn by cryosorption out of the sensitive main-spectrometer volume.

Effect of positioning the radon source behind the cold baffle to the background rate

It is possible to study the influence of the positioning of the 220Rn source with three cold baffles.
Firstly, the effect of repositioning it from pump port 3 to pump port 2 is investigated. This yields
a suppression by ε2S = 87+5

−5 %. This is not fully understood since under equal measurement
conditions it is not supposed to matter whether the radon source is put to pump port 2 or 3. One
explanation is that the baffle in pump port 2 does not have the same operating temperature as
baffle 3 and therefore does not contribute the same efficiency. One possible explanation for these
differences is that the instrumentation with the temperature sensors of the two baffles is realised
differently. While the setup remained unchanged in baffle 2 since SDS-I the thermal coupling of
the temperature sensors in pump port 3 was improved. It is suggested to implement the changes
also for the temperature sensors residing in pump port 2.

In addition the change of efficiency can be observed for a 220Rn source being connected to the
main spectrometer and to pump port 2. The resulting efficiency is εS5 = 81+9

−5 %. The difference
originates from the necessity of a radon atom to traverse through the baffle when the radon source
is located at the pump port.

The same comparison can be done with pump port 3 instead of pump port 2. The resulting effi-
ciency is ε3S = 98+1

−2 %.

To summarise, these comparisons yield that the baffles are not equally effective at suppressing
contributions to the background rate induced by radon decays. Additionally, there is a significant
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effect on the cluster rate of thermally blocking the direct line of sight between the radon source
and the main spectrometer.

5.4 Temperature dependence of the suppression of the radon-induced
background

The 220Rn source was connected to pump port 3 to study the influence of the temperature of
the corresponding baffle on the suppression of radon-induced background. In total, six sets of
measurements with different mean temperatures and temperature variations were taken, which are
summarised in table 5.4.

5.4.1 Temperature variation by refilling the liquid-nitrogen supply tank

For the first measurement the liquid-nitrogen flow was adjusted to ensure the lowest possible tem-
peratures (measurement 1 in table 5.4). During the measurement the liquid-nitrogen supply tank
was refilled. This process lead to a temperature variation for all three baffles, shown in figure 5.8.
The sensors residing in the middle of baffles 1 and 3 show temperatures below 90 K and follow
the same progression. The sensors at the side of the baffles 1 and 3 and the sensors of baffle 2
return higher temperatures. Moreover, they do not follow the trend of the sensors in the middle of
the baffles. The temperature of each sensor depicted in a temperature regime varying from 130 K
to 160 K follows a different time dependency. The temperature measured by the sensor residing
at the side of baffle 1 rises firstly and then drops to lower values. The temperatures of baffle 2 are
unaffected. The sensor positioned at the side of baffle 3 shows a small rise in temperature at first,
followed by a decrease.

The temperatures of all baffles vary due to the refill of the liquid-nitrogen supply tank resulting
in a certain correlation of the temperatures of the baffles. Therefore, it is difficult to disentangle
the contributions of the temperature of the three baffles to the suppression of the cluster rate. The
sensors of baffle 3 are expected to be the most important ones since the direct line of sight from
the additional radon source to the main spectrometer is blocked by this baffle. The temperature
and the rate of observed clusters induced by radon α-decays are shown in figure 5.9 in the bottom
left for the middle sensor and in the bottom right for the side sensor. The temperature of both
sensors and the cluster rate follow a similar behaviour. Both the temperature of the sensor in the
middle of baffle 3 and the cluster rate show an increase after 3 h. The temperature of the sensor
on the side lags behind with a maximum at about 4 h. The data suggests a correlation between the
temperature of the baffles and the cluster rate. This behaviour is expected for the adsorption of
radon by the liquid-nitrogen cooled copper baffles under the assumption that the half-life of radon
and its desorption time have similar magnitudes.

The setting was chosen for the lowest possible temperatures. An increase of 0.5 K results in a
doubling of the rate. Therefore, it is crucial to ensure that all three baffles are operated at the lowest
temperature achieved with baffle 3 to reach the maximal reduction of radon-induced background
with this system.

Lastly, the rate shows a significant peak after a run time of 1 h. The width and height of this peak
are not reproduced by the temperature trend of baffle 3. One possible explanation is the additional
occurrence of peaks in the temperature trend of baffles 1 and 2. Consequently, the temperature at
the middle of baffle 1 (figure 5.9 upper left) and at the side of this baffle (figure 5.9 upper right)
are both compared with the rate trend. This peak after 1 h implies that not only the temperature
of the sensor in the middle of baffle 3 influences the cluster rate but the temperature of baffle 1
contributes to the rate change as well. However, the slope in the first hour of the measurement
is not reproduced by this temperature trend. In addition, the bottom sensor of baffle 1 shows an
additional increase after 4.5 h (see figure 5.8 bottom). This is not reflected in the cluster rate trend.
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Figure 5.8: Variation of temperatures of the three copper baffles after the refill of the liquid-
nitrogen supply tank. The temperature of the three baffles residing in the respective
pump ports is monitored by several sensors for each baffle. The temperatures mea-
sured by the operational sensors are plotted. In the top graph the response of the
sensors at elevated temperatures are shown: the sensor at the side of baffle 1 (orange),
the sensor at the top (magenta) and at the bottom (green) of baffle 2 and the sensor at
the side of baffle 3 (brown). In the bottoms graph the sensors returning temperatures
in the range of the liquid-nitrogen regime are plotted. The sensor at the top (red line),
bottom (blue line), and middle (cyan line) of baffle 1 and the sensor in the middle of
baffle 3 (black line) are shown.



5.4. Temperature dependence of the suppression of the radon-induced background 77

Time in h
0 2 4 6 8 10 12 14

C
lu

st
er

 r
at

e 
in

 c
ps

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

T
em

pe
ra

tu
re

 in
 K

83.8

84

84.2

84.4

84.6

84.8

85

85.2

85.4
Cluster rate
Temperature

Time in h
0 2 4 6 8 10 12 14

C
lu

st
er

 r
at

e 
in

 c
ps

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

T
em

pe
ra

tu
re

 in
 K

130

135

140

145

150

155

160

165

170
Cluster rate
Temperature

Time in h
0 2 4 6 8 10 12 14

C
lu

st
er

 r
at

e 
in

 c
ps

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

T
em

pe
ra

tu
re

 in
 K

86

86.5

87

87.5

88

88.5

89

89.5

90
Cluster rate
Temperature

Time in h
0 2 4 6 8 10 12 14

C
lu

st
er

 r
at

e 
in

 c
ps

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

T
em

pe
ra

tu
re

 in
 K

145

145.5

146

146.5

147

147.5

148

148.5

149
Cluster rate
Temperature

Figure 5.9: The temperature and rate variations of measurement 1 (table 5.4) for the temper-
ature sensors attached to baffles 1 and 3. The temperature (red) and the cluster rate
(blue) are plotted. The time bin width is set to 600 s in order to get a useful average of
the low cluster rate while only few rate bins are empty. Top left: Sensor in the middle
of baffle 1. Top right: Sensor at the side of the baffle 1. Bottom left: Sensor in the
centre of the baffle 3. Bottom right: Sensor at the side of the baffle 3.

To summarise, the rate trend depends on the temperature change of the middle sensors of baffles 1
and 3. Furthermore, the refilling of the liquid-nitrogen tank increases the background rate induced
by radon α-decays. This might make it necessary to exclude the first 4 h of data from the neutrino-
mass measurements following the completion of the refill.

5.4.2 Targeted temperature variation of the baffle in pump port 3

The temperature of baffle 3 was varied by controlling the liquid-nitrogen flow in order to collect
information on its influence on the cluster rate induced by the radon source. In comparison to
measurement 1 no influences of baffles 1 and 2 need to be considered since their temperature
were stable during the measurements. Five sets of data were taken, each with unique setups.
Measurements 2 to 6 which are summarised in tables 5.4 and 5.5 are used. Each setting is evaluated
both for the temperature sensor in the centre and at the side of baffle 3.

Cyclic measurements

The targeted cyclic measurements 2 to 4 have the advantage that a correlation between tempera-
ture and cluster rate can be verified unambiguously by observing the same cyclic changes of both
parameters. In figure 5.10 the detector rate and the temperature of baffle 3 are plotted for mea-
surements 2 (top) and 3 (bottom). The same procedure is followed for measurement 4 in figure
5.11.

All graphs on the left show the central sensor while the ones on the right show the sensor located
at the side of baffle 3. From all three data sets it is obvious that the cyclic variations of the
cluster rate are not reflected in the temperature trend of the sensor at the side. There is no visible
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Figure 5.10: The temperature and rate variations of the cyclic measurements 2 and 3 (table
5.4) for the temperature sensors attached to baffle 3. The temperature (red) and
the cluster rate (blue) are plotted. The time bin width is set to 120 s. The utilisation of
the settings of measurement 2 and the sensor in the middle yields the graph in the top
left while the sensor residing at the side of the baffle results in the top right diagram.
The same is done for measurement 3 with the data of the sensor in the middle shown
in the bottom left while the temperature of the sensor at the side is in the graph at
the bottom right.

correlation between this sensor and the cluster rate within one run. The sensor in the centre,
however, behaves differently. It is obvious that its temperature trend mirrors the shape of the cluster
rate. Accordingly, it is plausible that the baffle as a whole follows a similar temperature trend as
the central sensor and not a trend like the sensor on the side. The latter faces the pump-port walls
which emit heat radiation. This is one possible reason for the sensor at the side showing atypical
elevated temperatures. This way, the resulting temperature is not dominated by the oscillating
liquid-nitrogen feed-through. Besides the obvious likeness of the shape of the central temperature
sensor and the cluster rate a certain shift is visible. One possible reason for this shift is that only one
local measurement of a sensor is taken into account here while the temperature distribution of the
entire baffle is unlikely to be homogeneous at elevated temperatures and not known. Consequently,
the effective temperature of the whole baffle is possibly shifted with respect to the readout of the
central sensor. This hypothesis is investigated more detailed in section 5.4.4.

Measurement during warm-up of baffle 3

Measurement 5 was taken during the first 1.5 h of the warm-up of baffle 3. The corresponding
temperatures and the cluster rate are depicted in the top graphs of figure 5.12. For the sensor
in the middle of the baffle the temperature and the rate follow the same trend for about 0.6 h
corresponding to a temperature of about 105 K. With the passing time the cluster rate increases
slower and saturates after approximately 1 h at a rate of CRn = 378 mcps and a temperature of
T = 115 K. In summary, the cluster rate is only dependent on the temperature of the baffle for
temperatures below 115 K at its centre.
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Figure 5.11: The temperature and rate variations of the cyclic measurement 4 (table 5.4)
for the temperature sensors attached to baffle 3. The temperature (red) and the
cluster rate (blue) are plotted. The time bin width is set to 120 s. The utilisation of
the settings of measurement 4 and the sensor in the middle yields the graph in the
left while the sensor residing at the side of the baffle results in the right diagram.

The sensor at the side of the baffle shows a similar behaviour. However, the slope of the corre-
sponding temperature differs from the one of the cluster rate. Once again, the sensor at the side
of the baffle shows worse agreement with the cluster rate than the sensor located in the centre of
baffle 3.

Measurements with warmed-up baffle 3

Measurement 6 was performed when the baffle was nearly at room temperature. The temperature
and the rate trends can be found in the bottom graphs of figure 5.12. In this case the cluster
rate does not depend on the temperatures. However, this measurement yields the maximum of
the observed radon-induced background due to the radon source located at pump port 3. This
is important in order to determine the efficiency of the suppression of radon-induced events as a
function of the temperature which is the focus of the next section.

5.4.3 Dependency of the cluster rate on the temperature of baffle 3

From the previous section 5.4.2 it has become evident that the cluster rate is dependent on the
temperature of baffle 3 which is best represented by the central temperature sensor. Additionally,
the cluster rate saturates at a certain temperature which corresponds to roughly 115 K. Moreover,
at low temperatures the cluster rate is very small. All in all, this behaviour is described by an arc-
tangent function as given in (4.26). In order to express the dependency of the temperature instead
of the desorption time (3.6) is used. The resulting function is:

CRn (T ) = p0 · arctan

(
p1 · exp

(
−p2
R · T

)
+ p2

)
+ p3 (5.19)

where CRn (T ) is the cluster rate at temperature T , R = 8.314 46 J
mol K is the gas constant and

p0 to p3 are arbitrary parameters. When either p0 or p1 are used as fit parameters the fits yields
negative values. To prevent this non-physical parameter space the lower limit of CRn (T ) is set
to 0 mcps and the upper limit is set to the mean rate of the measurement 5 (0.378 mcps). This
translates to:

CRn (T ) = 0.378 mcps · arctan

(
t1 · exp

(
−t2
R · T

)
+ t3

)
+ 0.378 mcps · π

2
(5.20)

where t1 to t3 are the parameters optimized by the arctangent fit to the data. The parameter t1 is a
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Figure 5.12: The temperature and rate variations during (measurement 5) and after (mea-
surement 6) the warm-up for the temperature sensors attached to baffle 3. The
temperature (red) and the cluster rate (blue) are plotted. The time bin width is set to
120 s. Top left: The temperature of the middle sensor is depicted during the warm-
up. Top right: The corresponding plot is done for the sensor at the side of the baffle.
The timescale on which the data is shown is only 1.5 h since this is the complete time
during the warm-up. Bottom left: For measurement 6 the data of the sensor in the
middle and the cluster rate are plotted. Bottom right: The same representation was
done for the temperature of the sensor at the side.

superposition of the parameter p0 and the oscillation period τ0 of (3.6), while t2 is the adsorption
enthalpy and t3 is the shift of the arctangent function.

The time width of one bin is set to 120 s for all runs. The obtained temperature and cluster rate are
re-binned in a single temperature histogram. The bin width is chosen as 1 K and the uncertainty
on the temperature is set to 0.5 K due to the resolution of the bin width (see top graph of figure
5.13).

The large χ2
red = 16.6 is a clear evidence that the whole set of data does not fit the expectations. A

zoom on the temperature range in which the cluster rate changes (85 K to 130 K) reveals the reason
(see bottom graph of figure 5.13). Measurements 1 to 4 can be separated by eye by looking for
discontinuities in the data. The largest gap is between the data of measurement 4 and the warm-up
measurement 5. Clearly, this combination of the data does not give a useful result. An explanation
for the observed shifts is that the temperature distribution of the whole baffle is unknown. Only
the temperature at its centre can be utilised. The fast cooling processes during cyclic temperature
variations do not affect the whole baffle in the same way. Therefore, slower processes are preferred
in order to avoid increased temperature gradients at the baffle.

As a next step the data was reduced to measurements 5 and 6 since they include the most valuable
and reliable information. Measurement 5 covers the important temperature range (85 K to 130 K)
while measurement 6 fixes the maximal cluster rate CRn,max. They are more reliable since the
temperature variation during the warm-up (measurement 5) is quite slow (27 K

h ) and no fast cool-
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Figure 5.13: The cluster rate as a function of the temperature of baffle 3 for measurements
1 to 6 summarised in table 5.4. All measurements are combined and binned in 1 K
bins. The uncertainty on the temperature is set to 0.5 K due to the resolution of the
binning. Additionally, an arctangent function is fitted to the data. The parameters are
depicted in the top left of the graph. Top: The whole temperature range is shown.
Bottom: A zoom on the temperature ranging from 80 K to 130 K is shown.
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Figure 5.14: The cluster rate as a function of the temperature of baffle 3 for measurements 5
and 6. The range is restricted from 80 K to 130 K. Again, an arctangent function is
fitted to the data.

down processes occur. In contrast, measurements 3 and 4 have temperature gradients greater than
40 K

h during the entire cool-down processes. Measurement 2 has comparable temperature changes
as measurement 5, but is excluded due to its cyclic nature and the possibility of the accumulation
of a pronounced temperature gradient. The cluster rate as a function of the temperature is plotted
in figure 5.14 in the relevant range for the measurements 5 and 6. The reduced chi-squared of
χ2

red = 1.3 is greatly improved by the constraint on these measurements. The change of the
cluster rate takes place in a temperature range from 80 K to 120 K.

5.4.4 Translation of the temperature

By comparing the rate and temperature trends of measurements 2 to 4 a translation between these
curves is evident. In order to account for this translation a simple time shift of the temperature in
time is applied. This approach assumes that the baffle can be described with a single temperature
value and that the response of the sensor in the middle of baffle 3 is delayed. Therefore, the
deviations of the mean of the rate histogram is subtracted from the scaled deviation of the mean
from the temperature histogram. This is used as a measure S for the overlap of the cyclic variations
of the two functions:

S =

bmax∑
i=1

∣∣∣∣(Ti − T̄ ) · Rmax −Rmin

Tmax − Tmin
− (Ri − R̄)

∣∣∣∣ (5.21)

where i is the current time bin, bmax is the amount of bins of the histograms, Tmax is the maximal
temperature during the measurement, Ti is the temperature in bin i, Tmin is the minimal tempera-
ture, T̄ the mean temperature during the measurement, Ri is the rate in bin i, Rmax is the maximal
rate, Rmin is the minimal rate and R̄ is the mean rate.

In order to determine the best delay the temperature rate trend is shifted stepwise by tshift. S is
calculated in the range of tshift ∈ [−3600 s; 3600 s] with a step size of 1 s. The dependency of the
overlap S on the time translation tshift for measurements 2 to 4 is depicted in figures 5.15 on the
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right-hand side. To the left the rate and the temperature trend which is shifted by the best time
translation are illustrated. The time shifts with the minimal value for S are −145 s for measure-
ment 2, −255 s for measurement 3 and −510 s for measurement 4. The cluster-rate trend and the
temperature trend are in good agreement. One explanation for the decrease in translation from
measurements 2 to 4 is the increased mean temperature of each measurement. As a consequence,
the difference to liquid-nitrogen temperatures increases. This results in quicker cooling processes,
and potentially in higher temperature gradients and the loss of direct relation between the tempera-
ture of the sensor and the cluster rate. Furthermore, the half-life of 220Rn is quite long with 55.6 s.
This means that cooling processes faster than this timescale are reflected only with a delay since
radon which already reached the sensitive main-spectrometer volume decays with a time shift.
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Figure 5.15: The shifted temperature and rate variations of the measurement 2 to 4 (see table
5.4). Left-hand side: The temperature (red) is shifted with respect to the cluster rate
(blue) to match the trends. Right-hand side: The best translation is determined by
calculating the difference between the relative deviations of the mean of both the
temperature and cluster rate for different time translations of the temperature data. In
addition, the minimum of the function is shown (red cross). The resulting graphs for
measurement 2 (top row), measurement 3 (middle row) and measurement 4 (bottom
row) are shown.
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Figure 5.16: The dependence of the cluster rate on the shifted temperature. Again, the rate of
the clusters is binned with respect to the best shifts obtained in section 5.4.4 (black).
The temperature bin width is chosen as 1 K. An arctangent function is fitted to the
obtained histogram (red line).

5.4.5 Dependency of the cluster rate on the translated temperature

The shifted temperature trend and the rate trend can be used to check whether the shift of the
temperatures with respect to the cluster rate have a significant influence (see figure 5.16). However,
the fit does not describe the measurements as signified by the large chi-squared value.

In order to obtain a better idea of the behaviour, results of the measurements 1 to 4 were plotted
separately while those from measurements 5 and 6 were combined and fitted with an arctangent
function and plotted as a reference (see figure 5.17). Measurements 2 to 4 now have similar slopes,
but they are shifted with respect to each other. For increasing mean temperatures the displacement
from the arctangent fit to higher temperatures increases. Furthermore, measurement 4 has a strange
tail at temperatures above 108 K. This is possibly caused by the delayed response of the sensor
in the middle of the baffle since it starts to cool from the bottom close to the liquid-nitrogen inlet.
Hence, the temperature in the middle rises while it is already decreasing at the bottom.

The remaining question is why there is an additional shift. The rate determination is robust enough
which leaves only an existing displacement of the baffle temperature. The possibility of tempera-
ture gradients due to cycling was shortly discussed in section 5.4.4 and is a possible explanation
for this shift, too. In order to estimate the uncertainty on the parameters of this arctangent fit,
measurements 5 and 6 were combined with measurements 1, 2, 3 and 4 separately. The resulting
fit parameters can be used to determine the adsorption enthalpy, and the mean desorption time.
First, the oscillation period τ0 is estimated by using the parameter p0 = (0.6002± 0.0001) s−1

from the arctangent fit of figure 4.9 with τ0 = t1
p0 . Then, the mean desorption time can be cal-

culated with (3.6). The fit parameters for these scenarios are summarised in table 5.8. The up-
per and lower limits contained within the one-sigma intervals are: t1 ∈

[
−9 · 10−6;−9 · 10−9

]
,

t2 ∈
[
−1.8 · 104 J

mol K ;−1.18 · 104 J
mol K

]
and t3 ∈ [−0.67;−0.58]. As the oscillation period is

off from the literature value τ0,Lit ≈ 10−13 s by several orders of magnitude the parameter t1 was
restricted to (1.5± 0.5) ·10−13 to cover the range predicted by the theory. The resulting fit param-



5.4. Temperature dependence of the suppression of the radon-induced background 85

Temperature in K
80 85 90 95 100 105 110 115 120 125 130

C
lu

st
er

 r
at

e 
in

 c
ps

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
 / ndf 2χ  52.19 / 40

t1        6.73e-09± -3.823e-09 
t2         1370± -1.601e+04 
t3        0.01931± -0.6483 

Measurement 5 and 6
Measurement 1
Measurement 2
Measurement 3
Measurement 4

-1Fit tan

Figure 5.17: The dependence of the cluster rate on the shifted temperature for all measure-
ments. Measurements 1 to 4 are plotted separately to gain a better insight into the
shifts in-between them. Measurements 5 and 6 (black) are used as input for an arc-
tangent fit (red) in order to be able to compare measurements 1 (magenta), 2 (cyan),
3 (blue) and 4 (orange) with them. In addition, the fit parameters of the arctangent
function are shown. They are the same as in figure 5.14 as the used measurements 5
and 6 are unchanged.

eters and the derived parameters are summarised in the bottom part of table 5.8 for measurements
5 and 6 and measurements 2, 5 and 6. Measurement 2 was added since it shows good agreements
with the warm-up measurement 5 and increases the statistics in the range of the increase.
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Table 5.8: Summary of the best fit parameters. The parameters t1, t2 and t3 are summarised
for different data samples taken as a basis for the arctangent fit according to (5.20).
The parameter t1 contains information about τ0, t2 is the adsorption enthalpy and t3
is the shift of the arctangent function. The χ2-value and the degrees of freedom (Dof)
give a measure for the goodness of the fit. The values seperated by the second line are
obtained with an additional constraint (distinguished by an asterisk): the parameter t1
was set to−1.5 ·10−13 and excluded from the fit parameters. The uncertainty is chosen
to cover the range of τ0 indicated by literature. In the last column the corresponding
value for the calculated desorption time is shown.

Measure- t1 t2 t3 χ2 Dof τdes

ments in J
mol in s

1; 5; 6 (−8± 3) · 10−7 −12100± 300 −0.60± 0.02 127.8 43 30± 20

2; 5; 6 (−5± 4) · 10−9 −17400± 600 −0.65± 0.02 73.15 49 30± 30

3; 5; 6 (−4± 1) · 10−8 −14400± 200 −0.62± 0.02 74.25 47 40± 10

4; 5; 6 (−5± 4) · 10−6 −11000± 600 −0.62± 0.02 251.5 53 80± 10

5; 6 * (−1.5± 0.5) · 10−13 −23700± 100 −0.62± 0.02 67.66 41 60± 20

2; 5; 6 * (−1.5± 0.5) · 10−13 −23600± 100 −0.62± 0.02 85.35 50 50± 20

5.5 Comparison with simulations and theoretical expectations

The arctangent function according to (5.19) and (5.20) describes the simulations of 219Rn ema-
nating from the NEG material and 220Rn emanating from the main-spectrometer vessel well. This
function is used as a fit for the measurements and describes the data reasonably well (e.g. see
figure 5.14).

Moreover, the limits on the mean desorption time derived in the previous section 5.4.5 can be cross-
checked by using the MOLFLOW model to obtain the suppression efficiencies corresponding to
the mean desorption time (section 4.3) and by comparing them to the measurements. The mean
desorption time of measurements 5 and 6 with the restraint on the parameter t1 is τdes ∈ [40 s; 80 s]
(see table 5.8). This rather large desorption time implies that for the scenario with only 219Rn
emanating from the getter the suppression efficiency is very close to the optimum. The results are
summarised in table 5.9. The measurements and the evaluation of the simulation combined with
the obtained values for the desorption time show reasonable consistency with the exception of the
background measurements with baffles 2 and 3 cold.

The measurements yield an efficiency which is about 7 % lower than the expected one. One possi-

Table 5.9: Suppression efficiencies derived from the mean desorption time and the simulation
compared with the measured efficiencies. The mean desorption time was chosen to
τdes = (60± 20) s. The simulations for 219Rn emanating from the two sets of NEG
strips in pump ports 2 and 3 are used. The simulation values presented in this table
assume that there is no other radon source in the main spectrometer.

Measurements Baffles cold Suppression efficiency Corresponding simulated efficiency
in % in %

Background 2 71+7
−10 66.9± 0.5

Background 1; 2 66+10
−9 72.4± 0.5

Background 2; 3 93+3
−2 100.1± 0.6

Background 1; 2; 3 97+2
−3 100.1± 0.6

Radon source 3 98+1
−2 98.8± 0.6
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ble explanation is the existence of an additional unidentified radon source. It is probable that some
amount of 220Rn emanates from the main-spectrometer vessel. This effect is most pronounced
with baffles 2 and 3 cold since radon from the getters is already suppressed efficiently, and 220Rn
is only reduced by roughly 85 %. It is recommended to test whether 220Rn emanating from the
main-spectrometer walls is the source for the remaining radon-induced background. An alterna-
tive explanation is the low suppression efficiency of baffle 2 in the case in which the radon source
is mounted to pump port 2 (see table 5.7).

In addition the simulations do not yet include imperfect adsorption. A particle which hits a surface
is always adsorbed in the simulation. However, the chance of adsorption has been estimated to
be about 80 % [Goe14]. This effect introduces an effective decrease of the desorption time which
cannot be counteracted completely by cooling the baffles.

The adsorption enthalphy of radon on the copper surface of the baffles is (−23 700± 100) J
mol K

for the combination of measurements 5 and 6 with the constraint on parameter t1. It is in good
agreement with the scenario of an oxidised baffle surface (see table 3.1). Surprisingly, the ad-
sorption enthalpy of baffle 3 seems not to be dominated by ice on the surface although the main
spectrometer was not baked out for the SDS-II commissioning phase. One reason might be that this
baffle was cooled when the baffle 2 was already cold before the measurements with an additional
radon source took place. Therefore, most of the water was frozen on baffle 2.

5.6 Conclusion
The radon-induced background is studied by measuring the background rate at elevated pressures
in the main spectrometer (1 · 10−8 mbar) and by searching for five or more correlated events (N ≥
5) occurring within ∆t ≤ 0.2 s to the proximate event.

It is confirmed that liquid-nitrogen cooled copper baffles installed between the sensitive main-
spectrometer volume and the pump ports suppress the radon-induced background efficiently. In
the scenario with three cold baffles the suppression efficiency is 97+2

−3 %. This results in a re-
maining radon-induced background rate of (27± 3) mcps. This is still a factor of 3 too high
for the ambitious KATRIN background limit of 10 mcps. At elevated pressures the remaining
background which is not induced by radon α-decays is (564± 2) mcps. The suppression of the
radon-induced background has revealed an additional background component which is not induced
by high-energetic stored electrons.

Furthermore, it is shown that the cool-down of baffles 2 and 3 yields a suppression efficiency of
93+3
−2 % which is greater than the efficiency of 66+10

−9 % obtained from measurements with baf-
fles 1 and 2 cold. It is deduced that the NEG strips are the dominant radon source in the main
spectrometer.

In addition, the dependency of the radon-induced background on the temperature of the baffles is
studied. It is indicated that the refilling of the liquid-nitrogen supply tank leads to a significant
temperature variation of the baffle system. This fact may necessitate to exclude a time-period of
about 4 h after the refill from the data analysis for neutrino mass measurements with the current
setup.

The utilisation of an additional radon source allows to obtain measurements with high statistics.
This enables to study the temperature dependency of baffle 3 in detail. The observed trend matches
the shape observed for simulations (see section 4). It is implied that the mean desorption time of
radon from the copper baffle surface is τdes ∈ [40 s; 80 s]. By taking the performed simulations
into account it is shown that this yields an almost full suppression efficiency for 219Rn emanating
from the NEG strips mounted in pump ports 2 and 3. The measurements indicate slightly lower
suppression efficiencies. All in all, both methods are in good agreement and show consistent
results.



88 5. Measurements of the radon-induced background

The measured baffle temperature is delayed in time during measurements with elevated tempera-
tures when compared to the cluster rate. This effect is much more pronounced with higher temper-
ature variations. This indicates that it is reasonable to take data with increased statistics at different
temperatures with a low variation. For the KATRIN standard operation, it is essential to operate
the baffle system at the lowest possible temperature and under stable conditions.

It is recommended to describe the data by a model including both 219Rn originating from the NEG
strips and 220Rn emanating from the main-spectrometer vessel. By leaving the relative number of
radon atoms inside the vessel volume as a free parameter, it can be tested whether 220Rn emanating
from the main spectrometer vessel is a significant source of background in the main spectrometer.
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6. Summary and outlook

The observation of neutrino oscillations requires neutrinos to be massive particles. Their mass
impacts models describing the structure formation of the universe and other cosmological mod-
els. Therefore, it is important to determine the neutrino mass. However, neutrino oscillation
experiments are not sensitive to the absolute neutrino mass-scale, so that dedicated experiments
are required. The most promising method to determine the neutrino mass in a direct and model-
independent way is the utilisation of high-precision β-spectroscopy. With this method, the most
stringent limits are reached by the Mainz and Troitsk tritium experiments which utilised the MAC-
E filter principle yielding an upper limit of mν̄e < 2 eV/c2.

The KATRIN experiment utilises this successful technique with an active MAC-E filter: The main
spectrometer with a length of 23.3 m and a diameter of 10 m analyses the energy of the tritium β-
decay electrons under ultra-high vacuum conditions (10−11 mbar) while a segmented silicon de-
tector connected to its downstream end counts the amount of transmitted electrons within a defined
region of interest. It is designed to improve the sensitivity by a factor of 10 to mν̄e < 0.2 eV/c2

(90 % C.L.). In order to reach this ambitious goal the background in the energy region of inter-
est needs to be lower than 10 mcps. The identified background consists of the intrinsic detector
background, background due to residual-gas ionisation and background due to radioactive decays.
Previous investigations have shown that electrons accompanying the α-decay of radon are stored
in the spectrometer and create secondary electrons. Since radon is volatile and neutral it can des-
orb from a surface and propagate freely through the spectrometer before decaying. Therefore,
it is a dominant source of background. It is known that the porous non-evaporable getter (NEG)
strips currently mounted in pump ports 2 and 3 of the KATRIN main spectrometer emanate 219Rn.
However, these strips are required to achieve the excellent vacuum conditions in the experiment. In
addition it is possible that welds of the main-spectrometer vessel emanate 220Rn. As a passive re-
duction method liquid-nitrogen cooled copper baffles are installed in each of the three pump ports.
Radon atoms cryosorb onto the cold surface and remain there until they either decay or desorb.
For sufficiently long desorption times this setup efficiently reduces the amount of radon decaying
in the sensitive main-spectrometer volume. As the desorption time is negatively correlated with
the temperature of the baffles the functionality of the liquid-nitrogen supply system is important.

In the scope of this thesis the insulators of the high-voltage separators for the liquid-nitrogen
supply system were tested thoroughly and implemented successfully for retarding potentials of
−18.6 kV. This allows continuous high-voltage measurements with the baffle system operating
at liquid-nitrogen temperatures. Due to this essential improvement not only this passive reduction
technique is prepared for the neutrino-mass measurement, but the radon-induced background can
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be studied in detail as well. Furthermore, the other background components can be investigated
without having to accommodate radon-induced backgrounds while all three baffles are cold.

In order to calculate the expected suppression efficiency of radon-induced backgrounds by cryo-
sorption onto the baffle surfaces the Simplified Model was used, which neglects desorptions. In
order to determine the temperature dependence of the suppression efficiency the Numerical Model
was created which expands the Simplified Model by including re-desorptions from the baffles.
This model is restricted to radon emanating from the main-spectrometer vessel. Lastly, it is nec-
essary to simulate radon sources at arbitrary positions to determine the simulation result which
describes the observations best. This is possible with test-particle Monte-Carlo simulations based
on a modified MOLFLOW+ version.

All simulations were compared and are in good agreement. It was shown that the deviations of the
suppression efficiencies at the limits of the desorption time are small. Moreover, the dependence
of the suppression efficiency on the mean desorption time based on the Numerical Model and the
MOLFLOW+ simulations have the same shape. The shape is well described by an arctangent
function for those scenarios for which 219Rn emanates from the NEG strips and 220Rn emanates
from the main-spectrometer vessel. However, there is a shift of the suppression-efficiency trend to
lower desorption times when comparing the Numerical Model with the MOLFLOW+ simulations.
This can probably be negated by including a geometry factor into the Numerical Model which
accommodates the shape of the baffle. All in all, the modified MOLFLOW+ version is best suited
to simulate the suppression of radon-induced decays by the liquid-nitrogen cooled copper baffles
since it is the most complete model and includes the most specific geometry.

The completion of the high-voltage separators allows to keep the baffles continuously at liquid-
nitrogen temperatures for high-voltage measurements. During the second commissioning phase of
the spectrometer and detector section (SDS) background measurements at elevated pressure in the
main spectrometer (10−8 mbar) were performed. The radon-induced background can be separated
by searching for N ≥ 5 correlated events which occur within ∆t ≤ 0.2 s of the proximate event.

The best suppression efficiency with two getter pumps located in pump ports 2 and 3 and three
cold baffles was determined to be 97+2

−3 %. Furthermore, the remaining radon-induced background
is (27± 3) mcps which is still above the design limit of 10 mcps. Moreover, at elevated pressure
the remaining background which is not induced by radon α-decays is (564± 2) mcps. Since the
liquid-nitrogen supply system is fully operational it is possible to study this background without
having to accommodate radon. Up to date the source of the remaining background has not been
identified unambiguously.

The measurements with cold baffles in pump ports 2 and 3 show a lower radon-induced back-
ground than the measurements with cold baffles in pump port 1 and 2. It was concluded that the
main source of radon are the NEG strips.

In order to study the temperature dependence of the suppression efficiency an additional 220Rn
source was connected to pump port 3 and the temperature of baffle 3 was varied. It was shown that
an arctangent function describes the measurements during the warm-up as it is predicted by the
simulations. Based on fits of the arctangent function and the simulations the mean desorption time
of radon from the copper baffle was estimated to be (60± 20) s. By combining these values with
the simulations, the suppression efficiencies can be calculated and compared to the measurements.
All in all, the results are in good agreement. Some tension remains for measurements with cold
baffles 2 and 3. This might be an indication that the remaining radon-induced background is caused
by 220Rn emanating from the main-spectrometer vessel.

Additional measurements at elevated temperatures exhibit a time shift between the cluster rate
trend and the temperature trend. Even after a correction of the translation the measurements at
elevated pressure do not match. It is recommended for further studies in the future to avoid large
temperature fluctuations.
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During the measurement with an additional radon source and three cold baffles the liquid-nitrogen
supply vessel was refilled. This led to fluctuations of the temperatures of all baffles which is
reflected in an increase of the observed cluster rate by a factor of two. Further studies need to
validate whether these temperature variations influence the background induced by radon decays
as pronouncedly as for the 220Rn source. In the worst case, this necessitates the exclusion of a
4-hour measurement-time interval after each refill of the liquid-nitrogen supply.

Further research is required to determine whether there is a component of 220Rn emanating from
the main-spectrometer vessel. Also, the influence of accidental events on the background rates
needs to be studied. In addition, it is necessary to determine the nature of the remaining back-
ground. The liquid-nitrogen cooled copper baffles will help to facilitate the analysis as the re-
maining radon-induced background is lower by a factor of 20 than the remaining unidentified
background when the baffles are operated at liquid-nitrogen temperatures.

Once the unidentified background is eliminated the remaining radon-induced background will
become problematic again since it is already larger than the design specification. Therefore, im-
provements to the liquid-nitrogen cooled copper baffles, its supply system and additional active
reduction methods need to be considered. A simple improvement of the liquid-nitrogen supply
system is an exchange of the weakly thermally-coupled temperature sensors. Moreover, further
sensors could be added to measure the temperature profile of each baffle and, thus, improve its
homogeneous cooling. One more fundamental and expensive change of the system is the imple-
mentation of an abrasive surface onto the baffles (i.e. porous ceramics) to increase the surface at
which radon is effectively cryosorbed. Another possibility is the utilisation of a cooling system
based on liquid helium instead of liquid nitrogen to decrease the temperature of the baffles. How-
ever, due to the worldwide shortage of helium, this might be difficult to realise from the technical
point of view since a complex recovery system is required. Possible active reduction methods such
as electron-cyclotron resonance, a static and a pulsed dipole or magnetic pulses are considered in
the KATRIN collaboration.
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7. Appendix

A Important decay chains concerning Radon
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Figure A.1: Decay chain for 219Rn. Figure and values adapted from [Goe14]. α-decays are
indicated by red arrows while β-decays are indicated by blue arrows.
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Figure A.2: Decay chain for 220Rn. The colors are used as in figure A.1. Figure adapted from
[Goe14].
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B Positions of the radon source

Figure B.3: The position of the additional radon source when connected to the main-
spectrometer vessel. The radon source is connected to port 100 which is indicated
with a symbol for radioactivity. Figure adapted from [Goe14].
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Figure B.4: The position of the additional radon source when connected to pump port 3 is
shown. The radon source is indicated with a symbol for radioactivity. Figure adapted
from [Goe14].
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Figure B.5: The position of the additional radon source when connected to pump port 2 is
shown. The radon source is indicated with a symbol for radioactivity. Figure adapted
from [Goe14].
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