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a b s t r a c t

The focal-plane detector system for the KArlsruhe TRItium Neutrino (KATRIN) experiment consists of a
multi-pixel silicon p-i-n-diode array, custom readout electronics, two superconducting solenoid
magnets, an ultra high-vacuum system, a high-vacuum system, calibration and monitoring devices, a
scintillating veto, and a custom data-acquisition system. It is designed to detect the low-energy electrons
selected by the KATRIN main spectrometer. We describe the system and summarize its performance
after its final installation.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction: The KATRIN Experiment

The discovery of neutrino flavor oscillation [1,2] showed that the
neutrino flavor eigenstates νe;νμ;ντ are not states of fixed mass;

instead, each is a coherent superposition of mass eigenstates ν1;ν2;ν3.
However, these and subsequent oscillation experiments are not
sensitive to the absolute value of the neutrino mass, indicating only
that at least two neutrinos have mass, and at least one of them has a
mass Z48 meV [3]. Neutrino mass is considered to provide unique
early insight into electroweak physics beyond the standard model, and
plays a role in the evolution of large-scale structure in the universe. A
laboratory determination of the mass scale would constrain cosmolo-
gical models. Recently reported results from surveys of the cosmic
microwave background, including the WMAP [4] and Planck missions
[5], confirm that observational cosmology is indeed sensitive to the
sum of the masses

P
jmj, but that the limit or value obtained depends
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on the types of data and assumptions included in the analysis. With
very conservative uncertainty estimates, one may obtain a limit ofP

jmjr1:3 eV at the 95% confidence level [6].
The KArlsruhe TRItium Neutrino experiment [7], KATRIN, will

make a model-independent measurement of the mass mν of the
electron antineutrino in the quasi-degenerate regime (m1 �m2 �m3).
It continues a series of tritium-based experiments, including Mainz [8]
and Troitsk [9,10], which established the present model-independent
limit of mνo2 eV [6].

Tritium beta decay, 3H⟶3Heþ þe� þνe, has an endpoint
energy of 18.6 keV and a half-life of 12.3 years. The shape of the
electron energy spectrum near the endpoint is sensitive to the
neutrino mass. The KATRIN experiment will use the Magnetic
Adiabatic Collimation-Electrostatic (MAC-E) filter technique [11],
in which multiple integrating measurements with varying thresh-
olds are combined to map the spectral shape near the endpoint.
KATRIN is currently under construction at the Karlsruhe Institute
of Technology in Karlsruhe, Germany and is expected to achieve a
sensitivity of 200 meV at the 90% confidence level.

Fig. 1 is a schematic of KATRIN's overall layout. A 1011-Bq,
windowless, gaseous tritium source provides beta electrons. An
electron gun for calibration is located upstream in the rear section.
Downstream of the source, an extensive transport section removes
errant tritium molecules via differential and cryogenic pumping
systems while guiding beta electrons adiabatically to the low-
resolution pre-spectrometer [12]. The pre-spectrometer reduces the
electron flux by seven orders of magnitude prior to entry into the
main spectrometer, which further filters out lower-energy electrons
with a designed energy resolution of 0.93 eV. Beta electrons that pass
through these twoMAC-E filters are magnetically guided to the focal-
plane detector (FPD).

The focus of this paper is the FPD system, shown in Fig. 2. This
system was constructed and commissioned at the University of
Washington in Seattle, USA, prior to installation in Karlsruhe in
summer 2011. In Section 2, we provide a detailed description of the
elements of this system, including design constraints (Section 2.1) and
upgrades undertaken in Karlsruhe. Section 3 presents detector
performance results, primarily drawn from the commissioning of
the system in Karlsruhe. In Section 4, we discuss the backgrounds and
consider the way in which the FPD system affects the overall KATRIN
measurement via its resolution and backgrounds.

2. Apparatus

In the KATRIN experiment, beta electrons produced near the
endpoint energy of tritium decay will pass the energy threshold set
by the main spectrometer and enter the FPD system (Fig. 2) at the
spectrometer exit. This loosely collimated “beam” of beta electrons
travels within a flux tube defined by the local magnetic field, which in
the FPD system is provided by two warm-bore superconducting
solenoids (Section 2.2). Beta electrons move through the bore of
the high-field pinch magnet and past a gate valve that separates the
main-spectrometer vacuum from the FPD-system vacuum system
(Section 2.3), before entering the bore of the lower-field detector

magnet and striking the multi-pixel silicon p-i-n-diode detector
(Section 2.4). In this final stage of the electron trajectory, the flux
tube is contained within a post-acceleration electrode that permits
increasing the electron energy to a range with a more favorable
background rate.

The first readout stage for detector signals consists of pream-
plifiers mounted directly onto feedthrough pins on the detector
flange; preamplifier signals proceed along coaxial cables to the
second stage, mounted outside the vacuum system (Section 2.5). A
liquid-nitrogen thermosiphon (Section 2.6) cools the detector and
preamplifiers through the post-acceleration electrode. A shield
and a veto system (Section 2.7) line the bore of the detector
magnet, reducing backgrounds in the detector. An electron source
and a γ emitter (Section 2.8), located between the two magnets,
serve as calibration sources.

FPD and veto data are recorded in a data-acquisition system
with a graphical user interface (Section 2.9) while other hardware
elements of the system are monitored and controlled via a
separate slow-controls system (Section 2.10). The demands of
the KATRIN experiment require an extensive data-management
system, described in Section 2.11.

2.1. Design constraints

A number of strict requirements guided the FPD-system design.
For example, the pinch magnet helps to complete KATRIN's
primary MAC-E filter, and the quality of the FPD-system vacuum
affects the performance of the main spectrometer. Here, we
summarize the most important constraints on the system design,
which fall into two categories: electromagnetic (Section 2.1.1) and
vacuum (Section 2.1.2).

2.1.1. Electromagnetic constraints
The KATRIN spectrometers act as integrating high-pass filters.

Superconducting magnets guide electrons adiabatically along magnetic

Fig. 1. Schematic overview of the 70-m KATRIN experimental beamline: (a) rear section, (b) tritium source, (c) differential-pumping section, (d) cryogenic-pumping section,
(e) pre-spectrometer, (f) main spectrometer in air-coil framework, and (g) focal-plane detector system.

Pinch magnet
6.0 T

Detector magnet
3.6 T

Flux tube for 
e  from main 
spectrometer

Ambient-air
electronics

Post-acceleration
electrode

Detector wafer

Preamplifiers

Cooling tower

Vacuum gaugesPULCINELLA
electronics

γ and e  sources

Vacuum system

Shield

Veto

Fig. 2. The primary components of the FPD system. The main spectrometer is
positioned at bottom left; the data acquisition system is located beyond the top
right corner.
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