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A B S T R A C T

The goal of the KArlsruhe TRItrium Neutrino (KATRIN) experiment is the determination of the effective
electron antineutrino mass with a sensitivity of 0.2 eV∕c2 at 90% C.L.1. This goal can only be achieved with a
very low background level in the order of 10mcps2 in the detector region of interest. A possible background
source are 𝛼-decays on the inner surface of the KATRIN Main Spectrometer. Rydberg atoms, produced in
sputtering processes accompanying the 𝛼-decays, are not influenced by electric or magnetic fields and freely
propagate inside the vacuum of the Main Spectrometer. Here, they can be ionized by thermal radiation and
the released electrons directly contribute to the KATRIN background. Two 𝛼-sources, 223Ra and 228Th, were
installed at the Main Spectrometer with the purpose of temporarily increasing the background in order to study
𝛼-decay induced background processes. In this paper, we present a possible background generation mechanism
and measurements performed with these two radioactive sources. Our results show a clear correlation between
𝛼-activity on the inner spectrometer surface and background from the volume of the spectrometer. Two key
characteristics of the Main Spectrometer background – the dependency on the inner electrode offset potential,
and the radial distribution – could be reproduced with this artificially induced background. These findings
indicate a high contribution of 𝛼-decay induced events to the residual KATRIN background.
1. Introduction

The KArlsruhe TRItrium Neutrino (KATRIN) experiment aims to
improve present neutrino mass limits by one order of magnitude to
0.2 eV∕c2 at 90% C.L. through the investigation of the tritium β-electron
energy spectrum close to its endpoint [1,2]. This approach is based on
the kinematics of the β-decay and is therefore model-independent. The
observable of the experiment is the incoherent sum of the three mass
eigenstates 𝑚𝑖 and the neutrino matrix element 𝑈𝑒𝑖:

𝑚2
𝛽 =

∑

𝑖
|𝑈𝑒𝑖|

2𝑚2
𝑖 .

∗ Corresponding author.
E-mail address: florian.fraenkle@kit.edu (F.M. Fränkle).

1 C.L. - confidence level.
2 mcps - milli count per second.

The setup of the KATRIN experiment is illustrated in Fig. 1. For
detailed specifications, the reader is referred to [1,3]. Molecular tritium
is continuously injected into the windowless gaseous tritium source
WGTS (b) [4]. One end of the WGTS is closed by the rear wall, located
in the rear section (a). The β-electrons created in the WGTS are guided
magnetically by superconducting magnets [5] through the transport (c)
and spectrometer section (d) and further to the detector section (e).
Differential and cryogenic pumping in the transport section reduces
the tritium flow by more than 12 orders of magnitude [3] in order to
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927-6505/© 2022 The Authors. Published by Elsevier B.V. This is an open access a

https://doi.org/10.1016/j.astropartphys.2022.102686
Received 5 May 2021; Received in revised form 29 October 2021; Accepted 13 Jan
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

uary 2022

http://www.elsevier.com/locate/astropartphys
http://www.elsevier.com/locate/astropartphys
mailto:florian.fraenkle@kit.edu
https://doi.org/10.1016/j.astropartphys.2022.102686
https://doi.org/10.1016/j.astropartphys.2022.102686
http://crossmark.crossref.org/dialog/?doi=10.1016/j.astropartphys.2022.102686&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Astroparticle Physics 138 (2022) 102686F.M. Fränkle et al.
Fig. 1. Schematic of the 70m long KATRIN beamline: (a) rear section, (b) windowless gaseous tritium source, (c) transport section, (d) spectrometer section with aircoil, (e)
detector section.
prevent tritium from entering the spectrometer section where it would
be a source of background.

The spectrometer section consists of two spectrometers, the Pre- and
Main Spectrometer. The Pre-Spectrometer acts as a filter for low-energy
β-electrons. In the Main Spectrometer, the energies of the remaining
electrons are analyzed using the principle of magnetic adiabatic col-
limation with an electrostatic filter (MAC-E filter) [6–8]. The high
voltage applied to the 23.2m long stainless steel vessel, fine-shaped by
23 400 thin wires of the inner electrode (IE) system, defines the filter
potential 𝑈ret = 𝑈vessel+𝑈IE. For a retarding potential of 𝑈ret = −18.6 kV,
these values are typically 𝑈IE = −0.2 kV and 𝑈vessel = −18.4 kV. The
magnetic field inside the Main Spectrometer is shaped by supercon-
ducting magnet coils at the entrance and exit of the spectrometer and
a 12.6m diameter air coil system [9], represented in Fig. 1. Electrons
with energies above the filter potential are transmitted through the
Main Spectrometer in an ultra-high vacuum of about 10−11 mbar to
the detector section. Here they are post-accelerated at a dedicated
Post Acceleration Electrode (PAE) with a voltage of 𝑈PAE = 10 kV and
counted by the focal plane detector (FPD) [10] at the downstream end
of the beamline.

For the targeted neutrino mass sensitivity, a low background in
the order of 10mcps (KATRIN technical design) is required [1]. A
background rate of 293(1)mcps [11] was achieved in the first KATRIN
science run. Investigations have shown that there is no significant back-
ground contribution from muons [12], external gamma radiation [13],
radon [14,15], and Penning discharges [16] during normal operation
(neutrino mass measurement configuration) with active and passive
countermeasures.

The spectrometer was exposed to 222Rn from ambient air during
the installation of the inner electrode system. This caused a small
contamination of the inner surfaces with 210Pb.

One possible background source is 𝛼-decays in the spectrometer
walls from the decay of 210Po to 206Pb as part of the 210Pb decay
chain. Rydberg atoms, produced in sputtering processes accompanying
the 𝛼-decay, are not influenced by electric or magnetic fields and
freely propagate inside the vacuum of the spectrometer. Here, they
can be ionized by thermal radiation and the released electrons directly
contribute to the KATRIN background (Section 2).

To investigate whether this background mechanism contributes to
the Main Spectrometer background, we aim to induce this background
process in a controlled manner. Two different 𝛼-sources, 223Ra and
228Th, were installed at the KATRIN Main Spectrometer for this pur-
pose.

The main criterion for the source isotope selection was that the
source emanates a radon isotope in order to contaminate the inner spec-
trometer surface. Another important selection criterion of the sources
is the half-life of the isotopes in the decay chain following the radon
isotope. They need to be sufficiently small (<few days) in order to
prevent an increase of the background for normal KATRIN operation.

The decay chain of 223Ra includes four 𝛼-decays [17–20]. The 228Th
decay chain includes five 𝛼-decays [21–25]. The principal decay paths
are shown in Eqs. (1) and (2). These decay chains potentially induce
a large Rydberg-induced background through a series of consecutive
2

implantations and decays.
228Th
𝛼

←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
1.9 yr

224
Ra

𝛼
←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
3.7 d

𝟐𝟐𝟎𝐑𝐧
𝛼

←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
56 s

216
Po

𝛼
←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
0.15 s

𝟐𝟏𝟐𝐏𝐛...

...𝟐𝟏𝟐𝐏𝐛
𝛽

←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
10.6 h

212
Bi 64%

𝛽
←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
61min

212
Po

𝛼
←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
310 ns

208
Pb

36%
𝛼

←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
61min

208
Tl

𝛽
←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
3.1min

208
Pb

(1)

223Ra
𝛼

←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
11 d

𝟐𝟏𝟗𝐑𝐧
𝛼

←←←←←←←←←←←←←←←←←←←←←←←←←→
4 s

215
Po

𝛼
←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
1.8ms

𝟐𝟏𝟏𝐏𝐛
𝛽

←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
36min

211
Bi...

...211Bi
𝛼

←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
2.1min

207
Tl

𝛽
←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→
4.8min

207
Pb

(2)

The production and installation of the two radioactive sources are
described in Section 3 and the performed measurements are described
in Section 4. We conclude our results in Section 5.

2. The Rydberg background hypothesis

A possible background source in KATRIN is the 𝛼-decay of 210Po to
206Pb on the Main Spectrometer surface [26]. The polonium isotope is
a progeny following the 210Pb → 210Bi 𝛽-decay. The lead isotope (half-
life = 22.3 yr), a progeny of the 222Rn-decay, was most likely implanted
by 𝛼-decay during the 5-year installation period of the inner electrode
system, during which the spectrometer was at ambient pressure with
continuous ventilation through a HEPA filter. For low background
experiments, 210Pb and its progenies are a known source of background
on surfaces [27] that had been exposed to ambient air and the local
concentration of 222Rn for an extended period of time. The total amount
of 210Pb accumulated on the surfaces of the Main Spectrometer is
estimated to be on the order of kBq [14].

The high nuclear recoil energy of the daughter atom 206Pb in a
210Po decay can sputter off atoms from the spectrometer surface [28].
The sputtering takes place at the position of the 210Po decay but
can also occur at a second location as the daughter nucleus propa-
gates through the vacuum of the spectrometer and eventually impinges
on the spectrometer surface, which boosts the proposed background
creation mechanism. The released energy also induces highly excited
states, so-called Rydberg states, with ionization energies in the meV
to eV range. Emitted Rydberg atoms can be in different charge states:
positive, negative, or neutral. Charged atoms will be pulled either
towards the inner electrodes, which are more negative than the wall, or
back to the spectrometer wall. Neutral Rydberg atoms propagate into
the spectrometer volume and are relevant for background generation.
The atomic species of Rydberg atoms depend on the material compo-
sition of the stainless steel (AISI 316 LN [1]) of the main spectrometer
vessel. The primary elements are iron (65%), chromium (17%) and
nickel (13%). In addition, the passivation layer of the electropolished
surface contains a high concentration of oxygen and carbon, as well
as surface adsorbed hydrogen atoms [29]. The dominant fraction of
sputtered atoms are hydrogen. Baking the spectrometer at temperatures
of typically 200 °C reduce the hydrogen surface coverage and sputtering
yield, therefore decreasing the background [14].
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Fig. 2. Schematic of the Rydberg induced background mechanism. Highly excited
Rydberg atoms can be created via 𝛼-decays in the surface and accompanying sputtering
processes. If they are ionized, e.g. by thermal radiation, low-energy electrons are
generated. The whole process is enhanced by the implantation of daughter isotopes
which in turn initiate additional sputtering. To simulate background mechanisms such
as the Rydberg mechanism, a 223Ra source was installed at the spectrometer surface
level. The wall of the vacuum vessel is at high voltage. The inner electrode (IE) is up
to 200V more negative in electric potential.

Rydberg atoms leaving the surface are strongly affected by the black
body radiation of the spectrometer walls at room temperature. These
photons stimulate any of the following processes: photo-emission of the
excited atoms, de-excitation, excitation to higher levels, and ionization.
Low-energy background electrons are generated if the Rydberg atoms
are ionized within the spectrometer volume. Such a mechanism via neu-
tral Rydberg atoms is required because only electrons created inside the
magnetic flux tube3 mapped onto the detector can generate background
events at normal magnetic field settings (neutrino mass measurement
configuration). Electrons originating from the spectrometer walls are
magnetically shielded or reflected by the electric potential of the inner
electrodes [30].

In addition to black body radiation, external electric or magnetic
fields influence excited atoms through the Stark effect or the Zeeman
effect [31]. In the KATRIN Main Spectrometer, the perturbation of the
excited atoms by magnetic fields can be neglected, but not the electric
field between the vessel and the wire electrode. Rydberg atoms can be
ionized in this high electric field region and therefore are not able to
contribute to the background in the spectrometer volume. Ionization of
Rydberg atoms by collisions with residual gas can be neglected in the
ultra-high vacuum of the spectrometers. Therefore, ionization through
black body radiation is considered to be the main ionization mechanism
in the sensitive magnetic flux volume.

An overview of the proposed background generation process
through excited neutral atoms emitted from the surface and their
subsequent ionization is illustrated in Fig. 2.

3. Production and installation of the 𝜶-sources at the KATRIN
main spectrometer

The 228Th source [32] was produced for the XENON collaboration
and borrowed by the KATRIN experiment. The source was created
by electroplating thorium nitrate onto a stainless steel disk of 30mm
diameter. The activity of the source at the time of production in March
2015 was 40 kBq. At the KATRIN Main Spectrometer, the source is
installed at the same vacuum flange (Fig. 3) as the radium source.

The 223Ra source was produced at ISOLDE facility at CERN. 223Ra
was implanted with a depth of ≈40Å into the round side of a half-sphere
gold substrate with a diameter of 1 cm.

3 The magnetic flux tube refers to the volume where the magnetic field
guides electrons from the tritium source to the focal plane detector [3].
3

Fig. 3. Installation of the 223Ra-source on the top side of the KATRIN Main Spectrome-
ter. The source was mounted inside the vacuum chamber at the tip of the magnetically
coupled stainless steel rod of the linear motion device, which can be lowered into the
spectrometer.

The isotope was produced off-line from in-target decay of 227Th in
a UCx target that had previously been irradiated with 1.4GeV protons.
The 223Ra was thermally released from the target, which was heated
to 2000 °C by passing an appropriate current of several 100A through
it to compensate the missing 2.8 kW heat input of the proton beam. Ra
ions were created in a hot tantalum surface ionizer kept at 2100 °C. The
ions were accelerated to 20 keV, mass separated, and implanted into the
curved side of the half-sphere. The off-line operation was optimized
to minimize contamination from the ‘wrong’ masses in the molecular
beams or other artifacts stemming from short-lived isotopes. By the
time of the measurements at KATRIN, the source had an activity of
≈6 kBq.

To introduce the source to the Main Spectrometer without breaking
the ultra-high vacuum, it is mounted to a sample holder on a mag-
netically coupled linear-motion device in a vacuum chamber, which is
connected through a gate valve to a DN200CF flange on top of the Main
Spectrometer. The magnetically coupled linear UHV flange enables the
positioning of the source at the Main Spectrometer surface level, as
illustrated in Fig. 2. A picture of the setup is shown in Fig. 3.

4. Measurements with artificial background sources

4.1. Measurement configuration

Two magnetic field configurations were used for the presented
measurements. Background originating from the spectrometer volume
is observed in the volume magnetic field configuration as shown in
Fig. 4. To investigate the background electrons from the inner surface
of the Main Spectrometer, the so-called surface magnetic field con-
figuration is used, where the magnetic field lines point towards the
cylindrical part of the spectrometer walls, as illustrated in Fig. 4(b).
In the surface magnetic field configuration the magnetic flux tube is
neither electrically nor magnetically shielded, leading to a much higher
background rate compared to the one observed in the volume magnetic
field configuration. To switch between these configurations the air coil
currents are changed, which takes a few minutes.

Whilst the volume and magnetic field configurations are similar for
both the thorium and radium sources, slight differences arise due to
the presence of stray magnetic fields from the tritium source section,
which were only present during the measurements with the radium
source, and slightly different air coil currents. The differences in the
configurations affect the volume of the magnetic flux tube (volume
magnetic field configuration) and the surface area that is mapped onto
the detector (surface magnetic field configuration). Therefore, different
absolute background rates are observed for the thorium and radium
measurements.
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Fig. 4. Measurement configuration: volume (a) and surface (b) magnetic field configuration enable the investigation of volume and surface-induced events. The colored lines show
the magnetic field lines reaching the silicon detector. Each line corresponds to a boundary between the ring-wise segmentation of the detector.
Fig. 5. The 228Th-induced rate in volume magnetic field setting versus time after closing the valve to the 228Th source (a). For this measurement, the inner electrode voltage
offset was set to −100V. A fit of Eq. (3) to the measurement data was performed. The observed half-life of 10.66(16) h matches the literature value 10.64(1) h [33] for 212Pb.
The background offset is 0.763(5) cps. 218Th-induced rate in surface magnetic field setting versus time after closing the valve to 228Th source (b). For this measurement, the inner
electrode voltage offset was set to 0V. A fit of Eq. (4) to the measurement data was performed. The background offset is 2891(3) cps.
4.2. Thorium source

The goal of this measurement is to accumulate 212Pb on the inner
surface of the KATRIN Main Spectrometer and to observe a time-
dependent background component, which is expected to decrease with
the 10.64(1) h half-life [33] of the isotope. For this purpose, the 228Th-
source was installed in December 2016 at the Main Spectrometer. The
valve to the Main Spectrometer was opened for 20 h 6min to release
the emanating 220Rn into the Main Spectrometer. Any 220Rn that was
not pumped from the spectrometer volume, subsequently decayed into
212Pb which was implanted into the spectrometer walls.

A measurement with the two alternating magnetic field settings
(see Fig. 4) was started shortly after the valve to the 228Th-source
was closed. Each measurement point in the volume magnetic field
configuration lasted for 2000 s and each point in the surface magnetic
field configuration lasted 200 s.

The background rate of the volume configuration is shown in
Fig. 5(a). The following equation is used to describe the data:

𝑟(𝑡) = 𝑟 𝑒
− 𝑡

𝜏1 + 𝑐, (3)
4

0

with 𝑟(𝑡) the rate at the detector in cps as a function of time 𝑡, 𝑟0 the
initial rate, and 𝑐 a constant rate offset in cps (dominantly non-212Pb
related backgrounds).

The measured decrease of the rate over time with a half-life of
10.66(16) h matches very well the half-life of 212Pb. The rate in the sur-
face configuration (see Fig. 5(b)) shows a similar exponential decrease
with a somewhat longer half-life of 10.91(7) h. The model was extended
for this fit from Eq. (3) in order to model the decay chain including
212Bi:

𝑟(𝑡) =
𝑁2
𝜏2

𝑒
− 𝑡

𝜏2 −𝑁1

1
𝜏1𝜏2

1
𝜏2

− 1
𝜏1

(𝑒
− 𝑡

𝜏2 − 𝑒
− 1

𝜏1 ) + 𝑐, (4)

where 𝑟(𝑡) is the rate at the detector in cps as a function of time 𝑡, 𝑁1
the initial number of 212Pb atoms, 𝑁2 the initial number of 212Bi atoms,
𝜏1 the life-time of 212Pb in hours, 𝜏2 the life-time of 212Bi in hours, and
𝑐 a constant rate offset in cps (non-212Pb related backgrounds).

The measured half-lives of both measurement configurations agree
very well and there is a very strong correlation between the rates in
volume and surface configuration (see Fig. 6) with a Pearson correla-
tion coefficient [34] of 0.999. The correlation was calculated by pairing
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Fig. 6. Correlation between the background rate from the spectrometer surface and
the spectrometer volume. The Pearson correlation coefficient is 0.999.

Fig. 7. Normalized distributions of events for each detector ring. The distribution was
ormalized by dividing by the sum of all events and multiplying by the number of
etector rings.

he data points of a volume measurement with the subsequent surface
easurement.

The KATRIN detector is segmented into 148 pixels of equal area
10]. The pixels are grouped into 13 concentric rings (4 pixels for
he center ring, 12 pixels each for all other rings). The ring index
ncreases with the radius, starting at zero for the ring in the center.
ig. 7 shows the normalized events of each detector ring for a reference
easurement, which was performed before the 228Th exposure, and the

irst ten runs of the measurement in the volume field configuration.
his matches the expectation that for the same underlying background
echanism the same normalized radial distribution is observed.

The behavior of the background after the exposure of the Main Spec-
rometer matches very well to the expectation from the background
ssumption described in Section 2. The subsequent 𝛼-decays of the im-
lanted 212Pb on the inner spectrometer surface created a large number
f secondary electrons which were observed in the surface magnetic
5

i

ield configuration. At the same time Rydberg atoms were produced in
puttering processes. As electrically neutral particles they propagated
nto the spectrometer volume where they could be ionized by the
hermal radiation from the spectrometer surface. The created electrons
ere accelerated towards the detector and observed as background in

he volume field configuration. The time dependence of the process is
ominated by the long half-life of 212Pb.

.3. Radium source

With the 223Ra source we investigated in October 2018 the induced
ain Spectrometer surface activity, and how it could generate back-

round in the spectrometer volume. We also studied the characteristics
f such a background.

After insertion of the 223Ra source into the Main Spectrometer,
he surface magnetic field configuration (see Fig. 4(b)) was used to
onitor the background evolution on the spectrometer surface [35].
he observed behavior indicates accumulation of activity on the surface
nd can be described by the Bateman equation [36]

Pb(𝑡) = 𝐴Ra(𝑡0)
𝜆Pb

𝜆Pb − 𝜆Ra
(𝑒−𝜆Ra𝑡 − 𝑒𝜆Pb𝑡) + 𝐴Pb(𝑡0)𝑒−𝜆Pb𝑡 (5)

with 𝐴Ra(𝑡0) and 𝐴Pb(𝑡0) describing the activities of the isotopes before
urface contamination was initiated at 𝑡0 and 𝜆Pb = 3.19⋅ 10−4 s−1 ,
Ra = 7.02⋅ 10−7 s−1 the decay rates of 211Pb and 223Ra [37,38], respec-
ively. The initial activity of lead in the walls is assumed to be negligible
uch that 𝐴Pb(𝑡0) = 0. The other 223Ra daughters,219Rn and 215Po, are
egligible since their half-lives are only 3.96 s and 1.78ms, leading to the
ccumulation of 211Pb activity in the spectrometer walls before the start
f the measurement. A fit of Eq. (5) to the background rate observed
fter inserting the source, with the free parameter 𝐴Ra(𝑡0) exhibits
xcellent agreement, confirming the spectrometer contamination with
he 223Ra daughter 211Pb. After about four half-lives of 211Pb (≈2.5 h)
he accumulated surface activity is close to saturation. At this point
he 223Ra source was retracted and the valve between source and
pectrometer was closed.

The backgrounds from the spectrometer volume and the surface
ere studied by measuring alternately in the surface and volume
agnetic field configurations, see Fig. 4. Each sequence in the surface
agnetic field configuration lasted 5min and was followed by 20min

n the volume configuration. The corresponding background rates are
hown in Fig. 8. Due to electrons created from radioactive decays,
he background rates in the spectrometer surface magnetic field con-
iguration are not distributed according to a Poisson distribution. In
he spectrometer surface and volume magnetic field configurations, a
ecay half-life of 0.64(2) h and 0.61(4) h, respectively, is observed. Both
re in agreement with the half-life 0.60 h of 211Pb [38], which is the
ominant time-constant in the decay chain of 223Ra. The matching half-
ives indicate the contaminated spectrometer surface as the origin of
he background events in the volume, confirming observations with
he thorium source. In addition, the data points are correlated with a
earson correlation coefficient of 0.99.4

To investigate the characteristics of the artificially created 𝛼-source
nduced background, the measurement shown in Fig. 8(b) was re-
eated. This time the inner electrode voltage dependency of the 223Ra
nduced background in the Main Spectrometer volume was studied
n the first hour of the exponential decay by measuring at three
ifferent voltages, 0, −20 and −200V. At each voltage we measured
or about 18min so that the overall measurement time stayed within
range of significant 223Ra background contributions. To extract the

oltage dependency from such a measurement, the measurement must
e corrected for the exponential decay. The expected number of events

4 The correlation coefficient was calculated by binning both measurements
nto eight points and assuming that they were recorded at the same time.
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Fig. 8. The measured background rates after the withdrawal of the 223Ra source in the (a) surface and (b) volume magnetic field configurations, see Fig. 4. For this measurement,
he inner electrode voltage offset was set to −200V in case of the volume magnetic field configuration and to 0V in case of the surface magnetic field configuration. The

background rates of both measurements decay exponentially. A fit of Eq. (3) to the measurement data is performed. The fitted half-life is in agreement with the expected one of
211Pb, 𝑡1∕2 = 36min= 0.6 h. The fitted constant offsets are 1432(3) cps and 0.87(2) cps for the surface and volume magnetic field configuration, respectively.
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Table 1
Observed background events with the radium source at different inner electrode volt-
ages after subtraction of the nominal spectrometer background. Given the exponential
decay, the expected number of events is calculated assuming a constant inner electrode
voltage of 𝑈IE = 0V. From the ratio of expected and observed events the background
rate relative to the rate measured at 𝑈IE = 0V is calculated.
𝑈IE (V) Observed #events (nominal

background subtracted)
Expected #events
assuming 𝑈IE = 0V

Background
relative
to 𝑈IE = 0V

−200 1079 ± 45 1827 ± 126 0.59 ± 0.05
−20 969 ± 49 1176 ± 77 0.82 ± 0.07
0 755 ± 49 755 ± 49 1.00

was calculated under the assumption of an exponential decay at a
constant voltage of 𝑈IE = 0V, see Table 1 column 2. From the ratio
f the expected number of counts to the observed number at different
oltages, listed in column 3 of Table 1, the dependency is obtained.
he results are shown in Fig. 9. For different inner electrode offset
otentials, the relative background reduction with respect to 𝑈IE ≈ 0
s shown for the nominal Main Spectrometer [28] and 223Ra-induced
ackgrounds. Both show a background reduction as 𝑈IE decreases,
hich agrees well within uncertainties. This points to 𝛼-decay induced
ackground as the dominant Main Spectrometer background source. In
he hypothesis of the Rydberg states as the background source, this
oltage dependency can be explained by field ionization. With more
egative inner electrode voltage more Rydberg states are ionized in the
igh electric field between spectrometer walls and wire electrodes and
o not contribute to the background in the spectrometer volume. Since
harged particles, like electrons, created at the spectrometer surface
annot penetrate the sensitive flux volume due to electric and magnetic
hielding, our observations also indicate the existence of a neutral
ediator, e.g. the Rydberg atoms.

. Conclusions

We performed measurements with two 𝛼-sources at the KATRIN
ain Spectrometer to investigate whether an increased 𝛼 activity on

ts surfaces could increase the electron background in its volume. Our
6

esults indicate 𝛼-decays in the spectrometer walls act as potential [
Fig. 9. Background rate relative to zero inner electrode potential (the actual voltage
reading slightly deviates for the zero setpoints) for the normal Main Spectrometer
background and the 𝛼 source induced background.

triggers of the background-creating process. Further, we show that such
background exhibits the same radial distribution and inner electrode
voltage dependency as the nominal Main Spectrometer background.
This points towards a significant contribution of 𝛼-decay induced back-
round to the residual background in KATRIN. Given these findings,
neutral mediator that generates the background electrons in the

pectrometer volume is required. A promising candidate is Rydberg
toms created from 𝛼-decays in the spectrometer walls by sputtering
rocesses. Low-energy electrons are produced through ionization of
hose highly excited atoms in the magnetic flux volume. The energy of
hotons from the thermal radiation of the walls at room temperature
s sufficient to ionize some of the Rydberg atoms. One possible coun-
ermeasure for such a background is a shift of the potential maximum
owards the detector side, a so-called shifted analyzing plane [39].
ince Rydberg induced electrons are expected to be low-energy, only
hose generated in the volume between the maximal filter potential
nd the detector contribute to the detected background. By spatially
hifting the maximum potential, the relevant volume for background
reation is reduced. First demonstration measurements have shown that
his approach can reduce the background by more than a factor of two

40,41].
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