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Abstract

In this contribution the current status and future perspectives of the Karlsruhe Tritium Neutrino (KATRIN) Experiment are pre-

sented. The prime goal of this single β-decay experiment is to probe the absolute neutrino mass scale with a sensitivity of 200 meV

(90% CL). We discuss first results of the recent main spectrometer commissioning measurements, successfully verifying the spec-

trometer’s basic vacuum, transmission and background properties. We also discuss the prospects of making use of the KATRIN

tritium source, to search for sterile neutrinos in the multi-keV mass range constituting a classical candidate for Warm Dark Matter.

Due to the very high source luminosity, a statistical sensitivity down to active-sterile mixing angles of sin2 θ < 1 · 10−7 (90% CL)

could be reached.
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1. Introduction

The knowledge of the absolute neutrino mass scale is an extremely important input parameter both for cosmolog-

ical models and for the fundamental understanding of the nature of particle masses. A measurement of the absolute

mass scale would distinguish between the so-called hierarchical mass scenario, corresponding to a very light neutrino

mass scale, where the neutrino mass eigenstates are well separated, and the degenerate regime, corresponding to a

heavier mass scale, where their mass differences can be neglected. This information would shed light on the neutrino

mass generation mechanism. If the degenerate regime is realized in nature, neutrinos would have a large impact on

the structure formation of the early universe. The neutrino mass would then be an important input parameter for cos-

mological simulations. So far, only a lower limit of 0.05 eV [1, 2, 3], provided by neutrino oscillation experiments,

and an upper bound of 2 eV [4, 5] from direct neutrino mass experiments is limiting the parameter range.

Three fundamental techniques are currently explored to probe the neutrino mass: cosmological studies of the

formation and evolution of large-scale structures (LSS), the search for neutrinoless double β-decay (0νββ), and the in-

vestigation of single β-decay. The advantage of the latter is that it is solely based on the well understood kinematics of

the decay, making it basically model independent. Its challenge is its scalability in order to reach to mass sensitivities

in the meV range. KATRIN is perusing a spectrometer-based technique to measure the endpoint region of the tritium

β-decay spectrum and is thereby pushing the current technological limits.

In section 2 the basic working principle of KATRIN will be explained and the main components will be introduced.

Section 3 focuses on the recent main spectrometer commissioning measurements, investigating its vacuum, transmis-

sion and background properties. Finally, in section 4 an investigation on the sensitivity of a future KATRIN-like

experiment in the search for sterile neutrinos in the keV mass range will be presented.
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Figure 1. Main components of the KATRIN experimental setup. a: rear section, b: windowless gaseous tritium source, c: differential and cryogenic

pumping section, d: prespectrometer, e: main spectrometer, f: focal plane detector.

2. The KATRIN Experiment

The KATRIN experiment is a next generation, large-scale, tritium β-decay experiment currently under construction

at the Karlsruhe Institute of Technology (KIT); it will prospectively start taking data in 2016. KATRIN is designed to

measure the effective electron anti-neutrino mass mνe , defined as

mνe =

√√√
3∑

i=1

|Uei|2 · m2
i
, (1)

where Uei denote the Pontecorvo-Maki-Nakagawa-Sakata leptonic mixing matrix elements and mi are the neutrino

mass eigenstates. The design sensitivity of KATRIN is 200 meV at 90% confidence level [6, 7] for 3 full beam years

of measurement time.

The experiment will use a model-independent technique based on the kinematics of tritium β-decay. It will analyze

the shape of the electron energy spectrum in a narrow region close to the tritium decay endpoint at E0 = 18.6 keV. A

non-zero neutrino mass reduces the maximum energy of the electron and changes the shape of the tritium β-spectrum

in the immediate vicinity of the endpoint. To reach the neutrino mass sensitivity, several criteria including high energy

resolution, high signal count rates and low background must be fulfilled.

The 70 m long KATRIN setup (see figure 1) combines a windowless gaseous tritium source (WGTS) of high

stability and luminosity with a large electrostatic retarding spectrometer with an energy resolution of < 1 eV [6, 7, 8].

A magnetic guidance system adiabatically transports the electrons created in the molecular tritium source towards the

spectrometer where the energy analysis takes place. The spectrometer, working as an electrostatic filter, transmits

only those electrons which have sufficient energy to overcome the retarding potential. The transmitted electrons are

then counted at a focal plane detector [9]. By measuring the count rate for different filter voltages, the shape of the

integrated energy spectrum can be determined.

Since the spectrometer section must be essentially tritium-free to limit the background to a low level, the tritium

flow is reduced by 14 orders of magnitude from the WGTS to the spectrometer section. This large suppression factor

will be achieved by a combination of a system of differential pumping and cryo traps [10, 11].

From the electron creation in the WGTS until the energy analysis in the central analyzing plane of the main

spectrometer, the magnetic field drops by four orders of magnitude, in order to parallelize the electron momenta via

the magnetic gradient force. This combination of Magnetic Adiabatic Collimation with Electrostatic filter, called the

MAC-E filter principle, allows for large solid angle acceptance, combined with high energy resolution [12, 13].

3. Main spectrometer commissioning measurements

In 2013 the first main spectrometer commissioning measurements took place. The major goal of these measure-

ments was to to investigate the properties of the main spectrometer with respect to vacuum, transmission of electrons,

and background.

In this section the major components of the main spectrometer, designed to achieve these goals will be presented.

Secondly, initial results of transmission measurements and background investigations will be presented.
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Figure 2. Left: The Air coil system consists of 3 sets of current loops distributed over a cylidrical surface around the main spectrometer. The

2 sets of axial loops compensate the 2 components of the earth magnetic field which are orthogonal to the spectrometer axis. The set of axial

loops provide an axisymmtric correction field, which allows for precise adjusting of the magnetic field gradients and provides a magnetic field that

prevents background electrons from penetrating the sensitive volume of the spectrometer. Right: The inner electrode system consists of more than

24 000 wires of a diameter of 300 μm (outer layer) and 200 μm (inner layer) at a distance of 15 cm (outer layer) and 22 cm (inner layer) to the

surface of the main spectrometer tank. It serves as additional electric shielding against background electrons emitted from the tank wall as well as

electric potential defining element.

Important main spectrometer components
To achieve a pressure in the UHV regime of 10−11 mbar the main spectrometer is equipped with six cascaded

Turbo Molecular Pumps (TMPs) connected to the main spectrometer vessel in parallel, and three large getter pumps

(NEG) with an overall pumping speed of 106 l/s for H2 [14]. The entire spectrometer was slowly (1◦/h) heated first to

200 C◦ to evaporate and remove water from the large spectrometer surface of 690 m2, then the temperature was further

increased to 300 C◦ to activate the getter material. After a 600 h long baking cycle a pressure of p < 10−10 mbar could

be reached [15].

To achieve the desired transmission and background properties, the main spectrometer is equipped with two im-

portant electromagnetic design components: A large air coil system [16] and a two layer inner wire electrode [17],

see figure 2. The combination of these components provides the fine tuning of the magnetic and electric fields inside

the spectrometer for adiabatic transport of the β-electrons and allows for magnetic and electric shielding against back-

ground due to electrons emitted from the inner surface of the spectrometer vessel. As KATRIN is not an underground

experiment this background is mainly induced by cosmic muons hitting the large surface of the main spectrometer.

Transmission properties
The transmission properties were tested by using an angular selective electron gun (e-gun) installed at the entrance

of the main spectrometer [18]. The e-gun electron rate was measured while successively lowering the retarding

potential until full transmission of the electron beam. Figure 3 shows a very smooth and narrow transmission function,

limited at present by the e-gun characteristics. The very good agreement between simulation and data proofs that the

main spectrometer transmits electrons as expected. A detailed discussion of these measurements will be published

in [15].

Background performance
The initial background rate, without any optimization, was measured to be ∼1 cps. This low rate is due to the

careful electromagnetic design of all components, preventing the formation of even tiny penning traps, which can

lead to background rates of up to 105 cps [19]. Furthermore, this result demonstrates the functionality of the magnetic

shielding of cosmic muon induced background. Without electromagnetic shielding, an electron rate of ∼ 105 electrons

per second is expected from the inner surface of the main spectrometer. However, the background suppression still

needs to be improved in order to achieve the design value of 10−2 cps.

Detailed background analyses have revealed two major background sources contributing equally: muon-induced

secondary electrons from the vessel walls, and radon decays inside the spectrometer volume. The latter has been
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Figure 3. Left: Transmission probability of electrons from an e-gun as a function of the difference of starting energy and retarding potential

(black crosses). This transmission function was measured at the center of the main spectrometer, and the e-gun was set to emit electrons with

zero angle relative to the spectrometer axis. In this setting, the width of the function is dominated by the energy distribution of the e-gun. The

Monte Carlo simulation (blue dots), where electron created with a Gaussian energy distribution are fully tracked through the spectrometer, is in

very good agreement with the measurement. Right: Radial distribution of the total background rate (red circles). An off-line analysis of a dedicated

measurement at high pressure, allowed to identify radon induced background and to eliminate it from the total background rate (green triangles).

A measurement with a cooled baffle system results in a background level equivalent to the one without radon induced events (blue squares).

studied already in great detail in [20, 21, 22, 23]. With test experiments at the prespectrometer it was shown that a

single radon decay in the sensitive volume of the spectrometer can lead to very high background rates. High-energy

electrons, accompanying radon α-decays are magnetically stored in the spectrometer for time periods of up to hours.

While cooling down by ionizing residual gas molecules, they may produce up to hundreds of secondary electrons.

These low-energy secondary electrons eventually leave the spectrometer and give rise to large background rates.

To mitigate this background a number of different reduction techniques have been developed and successfully

tested [24, 25, 26]. A very efficient passive reduction technique is based on liquid nitrogen cooled baffle system that

traps radon atoms emanating from the getter pumps and the vessel surface outside of the active flux tube. A first

measurement with a cooled baffle system shows the high efficiency of this technique: The background due to radon

decays is reduced to an almost negligible level, see figure 3.

The remaining background is expected to be reduced to the desired level when making full use of the electric

shielding with the wire electrode. In this initial commissioning phase, for technical reasons, only identical shielding

potentials could be applied to both wire layers. Initial measurements with different shielding potentials point to a

further background reduction by about two orders of magnitude, which would allow to reach the design goal in the

next measurement phase. A detailed discussion on the background performance will be published in [15].

4. Sterile neutrino search in tritium β-decay

One way to generate neutrino masses is to add right-handed neutrinos to the Standard Model (SM), the so-called

sterile neutrinos. This new species would not feel any of the SM interactions but it could mix with the active neutrinos.

Relic sterile neutrinos in the keV range are ideal candidates for the so-called Warm Dark Matter. They are in agreement

with cosmological observations on large scales, while at the same time they can explain mass distributions in the sub-

galactic scale and thereby resolve the tensions in purely cold dark matter scenarios [27, 28, 29].

Although the KATRIN experiment is focused to measure the effective electron neutrino mass in a narrow region

close to the endpoint, the unique properties of its gaseous tritium source would allow a high-sensitivity search for

keV-mass sterile neutrinos. In the following we discuss first investigations of the physics potential of such a search.

Signature of a sterile neutrino in the tritium β-decay spectrum
In the super-allowed β-decay of tritium an electron (anti-)neutrino eigenstate is created, which is a superposition

of different mass eigenstates. Consequently, the tritium spectrum is a superposition of spectra each corresponding to



 Susanne Mertens  /  Physics Procedia   61  ( 2015 )  267 – 273 271

a single mass eigenstate. However, since the mass splittings between the three light mass eigenstates are so small, no

current direct neutrino mass experiment can resolve it. Instead an “effective electron neutrino” mass, as defined in

equation 1, is measured.

In case of a small admixture of a keV neutrino mass eigenstate to the electron neutrino flavor state, the four

different mass eigenstates will no longer form one effective neutrino mass term. Instead, due to the large mass splitting,

the spectrum dΓ
dE will be a superposition of two spectra of very different shape: the β-decay spectrum corresponding

to the light effective mass term mνe and the spectrum corresponding to the heavy mass eigenstate mheavy. This can be

expressed as

dΓ
dE
= cos2(θ)

dΓ
dE

(mνe ) · Θ(E0 − E − mνe ) + sin2(θ)
dΓ

dE
(mheavy) · Θ(E0 − E − mheavy), (2)

where E is the kinetic energy of the electron, sin2(θ) denotes the mixing of the heavy mass state to the electron neutrino

flavor state and E0 = 18.6 keV is the endpoint energy. Thus, a heavy sterile neutrino would manifest itself as a tiny

kink away from the β-decay endpoint in the tritium spectrum, see figure 4.

Considering the fact that only 10−13 of all β-electrons are created with an energy in the last eV of the tritium

spectrum, the KATRIN tritium source has been designed to provide a very high signal count rate to reach the desired

light neutrino mass sensitivity. The source is implemented as a gaseous molecular tritium source of of high luminosity

(1011 decays per second) and stability. Especially, these source properties are of prime importance when looking for

sterile neutrinos in the eV [30, 31, 32] to multi-keV range. In the latter case, a shape measurement extending over the

entire β-decay spectrum, would require extensive modifications of the present KATRIN set-up. In particular, it would

entail the implementation of a very large detector array that would allow a differential energy measurement even for

the high source luminosity of KATRIN.

Expected sensitivity

Figure 4 shows that from a purely statistical point of view a 3 years measurement with the KATRIN source strength

can reach a sensitivity of a mixing angle down to sin2 θ ∼ 10−8, probing the cosmologically favored parameter space.

In this investigation, both an integral and a differential mode are considered. The integral mode would make use of the

main spectrometer to measure the integral flux of beta-particles passing the filter potential, whereas in the differential

mode an energy-resolving detector system is assumed. To mitigate the requirements on the detector system with

respect to high rates, and at the same time to reduce systematic effects due scattering of β-electrons in the tritium

source, the source luminosity can be reduced, which of course lowers the sensitivity, correspondingly, see figure 4.

To asses the final sensitivity theoretical and experimental uncertainties need to be taken into account. In [33]

the effect of theoretical uncertainties on the tritium spectrum was investigated with a spectral fit approach. Hereby,

we implement the state-of-the-art description of the tritium spectrum, allowing for an uncertainty in the parameters

describing the corrections to the tritium spectrum. These investigations show that smooth shape corrections do not

mimic a kink with sin2(θ) > 10−7. However, a good parametrization of all corrections to the β-spectrum is necessary

to perform a spectral fit.

An alternate approach, studied in [34], makes use of wavelet transformation in order to search for the local kink

signature of a sterile neutrino in the keV mass range. It is demonstrated that the wavelet approach is largely insensitive

to the exact shape of the tritium spectrum. Consequently, an exact knowledge of the spectral shape would not be

required and spectral shape uncertainties would not reduce the sensitivity. To make full use of this powerful analysis

technique, however, a high energy resolution (FWHM < 500 eV) is necessary in order not to wash out the local kink

signature.

5. Conclusion

KATRIN is designed to directly measure the neutrino mass with a sensitivity of 200 meV (90%CL) after 3 full

beam years of measurement time. With the first commissioning measurements of the main spectrometer an essential

mile stone towards this goal has been achieved. A very good vacuum in the UHV regime could be reached, a smooth

transmission of electrons through the spectrometer could be demonstrated and the expected transmission characteristic
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Figure 4. Left: This figure compares the spectrum with no mixing (dashed black line) to a spectrum with an admixture of a sterile neutrino of a

mass of 10 keV and a mixing angle of sin2 θ = 0.2 (solid red line). One can clearly see a kink-like signature of the sterile neutrino at its mass below

the endpoint and its influence on the spectral shape below the kink energy. Right: 90% statistical exclusion limit of a differential measurement of 3

years with the expected KATRIN source strength of 9.4 · 1010 electrons per second (red solid line), a reduced column density (red dashed line) and

an integral measurement with the full source strength (blue dotted line) and reduced source strength (blue dotted dashed line).

could be verified. Most importantly, a low initial background rate of 1 cps was observed, rewarding the careful electro-

magnetic design of the spectrometer. The main background components have been identified to be due to electrons

from the inner surface of the spectrometer and radon decay inside the sensitive volume. A further reduction to reach

the design goal of 10−2 cps is expected when running with a cooled baffle system and the full operation of the two

layer inner wire electrode system.

The unique properties of the KATRIN tritium source with regard to luminosity and stability allow not only a high-

sensitivity measurement of the effective electron neutrino mass but also offer great potential for a high-sensitivity

search for sterile neutrinos in the keV-mass regime, given the feasibility to modify the present experimental set-up

at a later stage to cover the entire tritium β-decay spectrum. After 3 years of measurement time the sensitivity to

active-sterile neutrino mixing could be extended into a region of interest for cosmology. Detailed investigations of

analysis techniques and careful study of systematic effects associated with such a measurement are ongoing.
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