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Preparing the start of neutrino mass 
measurements with KATRIN

KATHRIN VALERIUS, KIT Center Elementary Particle and Astroparticle Physics (KCETA)

Int. School of Nuclear Physics, 39th Course: 
Neutrinos in Cosmology, in Astro-, Particle- and Nuclear Physics 

Erice, Sept. 16-24, 2017

• Introduction:  
Absolute neutrino mass measurement in tritium β decay 

• The KATRIN experiment 

- Status: Overview and commissioning results 

- Outlook: Final steps towards tritium data-taking
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Massive neutrinos

2015 Physics Nobel Prize 
“for the discovery of neutrino 
oscillations, which shows that 
neutrinos have mass”

Super-KamiokaNDE SNO

3 K. Valerius  |  Status of the KATRIN Experiment  |  PPC 2015

● Neutrino mixing & m(ν
i
) ≠ 0 established

● Oscillaton experiments: tny mass splitngs

● Which mass ordering (normal, inverted)?

● What is the absolute ν mass scale?

Wealth of ν oscillaton data:

So far: only upper (< 2 eV) and lower bounds (>0.01    resp.    >0.05 eV)
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Neutrino masses: overview
“Neutrino Fest”, session V:

L. Everet, Neutrino theory

P. Coloma, Oscillaton phen.

R. Volkas, Neutrino mass

What is the absolute scale of neutrino masses?

• Evidence for BSM physics 

• Mass generation mechanism? 

• Smallness of neutrino masses?

M.C. Gonzalez-Garcia, this session 

+ many other contributions
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Massive neutrinos

2015 Physics Nobel Prize 
“for the discovery of neutrino 
oscillations, which shows that 
neutrinos have mass”

Super-KamiokaNDE SNO

What is the absolute scale of neutrino masses?

Progress in 
Particle and 

Nuclear Physics 
PERGAMON Progress in Particle and Nuclear Physics 48 (2002) 141-150 

http://www.elsevier.com/locate/npe 

KATRIN, a Next Generation Tritium p Decay Experiment in Search for 
the Absolute Neutrino Mass Scale 

Ch. WEINHEIMER for the KATRIN COLLABORATION* 
Instifurfar Physik, Johannes Gufenberg-ZJniversifBt Mainz. 55099 Mains, Germany 

New address: Institulfir Strahlen- und Kernphysik, Universiriil Bonn. 53115 Bonn. Germany 

November 27. 2001 

Abstract 

With the compelling evidence for massive neutrinos from recent u-oscillation experiments, one 
of the moat fundamental tasks of particle physics over the next yeara will be the determination of 
the absolute maaa scale of neutrinos, which has crucial implicationa for cosmology, aatrophyka and 
particle physics. A next generation tritium /J decay experiment, the Karlsruhe Tritium Neutrino 
experiment (KATRIN), is proposed to reach a sub eV sensitivity on the absolute mass of the 
electron neutrino. 

1 Introduction 
With the recent evidences for neutrino oscillation and consequently for non-zero neutrino massea from 
atmospheric [l] and solar neutrino [2, 3] experiments the question of the neutrino mass scale has 
become very important, as it has strong consequences for particle physics as well as for astrophysics 
and cosmology: 

The positive results of neutrino oscillation experiments show that the Standard Model of particle 
physics, which describea neutrinos as massleas particles, is not complete. Oscillation experiments can 
not answer the neutrino mass question alone, aa they are sensitive to differences of squared neutrino 
masses Amt, not to the masses themselves. Especially, there is no chance to distinguish by oscillation 
experiments between mass models with degenerated neutrino masses1 or with hierarchical neutrino 
masses’. Which neutrino mass scenario is right is a very important information in order to find the 
right theory beyond the Standard Model. On the other hand, already if one neutrino mass could be 
measured directly the complete mass scheme could be reconstructed from this neutrino mass scale and 
the various Amfj (i, j = 1,2,3) determined by oscillation experiments. Therefore, there is a clear need 
for a determination of the neutrino mass scale. A sensitivity on the neutrino mass of below 1 eV is 
crucial to test models with degenerated neutrino masses. 

Big bang theories predict, that a huge abundance of relic neutritios of all flavours similar to the 
photons of the cosmic microwave background radiation (CMBR) exists in the universe. An average 
neutrino msss of 1 eV would contribute to the energy and matter distribution of the universe by 8 % in 
units of the critical density (using the most recent value for the Hubble parameter h=0.65). Therefore 
any neutrino mass of this order would contribute significantly to the missing dark matter and would 

‘All masses are nearly equal, small residual differences are responsible for the oscillation s&al. 
aThe maaaes are following a strong hierarchy like it is true for the charged fundamental tkrnions, the heavier mass of 

two neutrino maas states i and j is given approximatively by the square root of Am:,. 

0146-6410/02/S - see front matter Q 2002 Elsevier Science BV. All rights reserved. 
PII: SOl46-6410(02)00120-5 

Erice, anno 2001 …

KATRIN Letter of Intent:  arXiv:hep-ex/0109033 

• Evidence for BSM physics 

• Mass generation mechanism? 

• Smallness of neutrino masses?
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Complementary paths to the ν	mass scale

 Cosmology  Search for 0νββ  β-decay & EC

 Observable

 Present upper limit  ~0.2 – 0.6 eV  ~0.1 – 0.4 eV   2 eV

 Potential:  
 near-term (long-term)

  60 meV 
 (15 meV)

  50 – 200 meV 
  (20 – 40 meV)

  200 meV 
 (40 – 100 meV)

 Model dependence  Multi-parameter     
 cosmological model

- Majorana ν: LNV 
- BSM contributions 

other than m(ν)? 
- Nuclear matrix 

elements

 Direct, only kinematics;   
 no cancellations in  
 incoherent sum

m2
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G. Drexlin,  
S. Mertens,  

S. Böser (Thu);  

M. Fertl, C. Tully (Mon) 
+ more

L. Gastaldo, 
A. Faessler (Tue), 

F. Gatti (Thu) 
+ more

M. Archidiacono (today) A. Piepke, 
M. Agostini (Mon), 

A. Poon (Tue) 
+ more
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Direct kinematic determination of m(νe)
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Spectral distortion measures  
“effective” mass square:
m2(⌫e) :=

P
i |Uei|2 m2

i

Key requirements: 
• Low-endpoint β/EC nuclide: 

E0 = 18.6 keV for 3H, 
              2.8 keV for 163Ho 

• High-activity source: 
T1/2 = 12.3 yr for 3H, 
          4.5 kyr for 163Ho 

• Excellent energy resolution 
(MAC-E filter or calorimeter)

Kinematic measurement can probe for 
heavier neutrino states  
➜ eV-scale and keV-scale sterile ν
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Moore’s Law of direct neutrino mass searches

Courtesy J.F. Wilkerson/R.G.H. Robertson

tritium (3H) 
β spectroscopy

rhenium (187Re) 
β calorimetry

Mainz (2005, final result) 
m(νe) < 2.3 eV (95% CL) 
C. Kraus et al., EPJ C40:447

Troitsk (2011, re-analysis) 
m(νe) < 2.05 eV (95% CL) 
V. N. Aseev et al., PRD 84:112003

present limits (2 eV)

upcoming (KATRIN: 200 meV)

future approaches

ν ruled out as DM

degeneracy scale

hierarchy scale
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Magnetic Adiabatic Collimation & Electrostatic Filter 
➜  integrating electrostatic filter (Ekin > eU0) 
➜  “clean” (analytic) response function 
➜  ΔE < 1 eV at 18.6 keV

High-resolution β spectrometer

solenoid

source detector

electrode

analysing plane

solenoid

[Beamson et al. 1980; Kruit & Read 1983; Lobashev 1985; Picard et al. 1992]

8  Direct ν-mass experiments        K. Valerius (KIT)        30.09.2014 

Spectroscopic technique for tritium β-decay

MAC-E filter technique

Magnetic Adiabatic Collimation with Electrostatic filter
Picard et al., NIM B63 (1992) 345

Sharp high-pass filter:

μ =
E⊥

B
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Combination of high luminosity

and high energy resolution: 
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The Karlsruhe Tritium Neutrino Experiment

… back in 2001:

Ca. 50 authors on the Letter of Intent (hep-ex/0109033) 
Initially: groups from Karlsruhe, Mainz, Troitsk, Seattle, Rez, Fulda

o 7 m

2gaseous T  source

2solid T  source

pre spectrometer

MAC-E-(TOF) spectrometer
detector

22 m 8 m 4 m 20 m 5 m

Present Mainz Setup :

Figure 9: Schematic view of the proposed next-generation tritium β decay experiment KATRIN.
The main components of the system comprise a windowless gaseous tritium source (WGTS), a
quench condensed tritium source (QCTS), a pre-spectrometer and a large electrostatic spectrometer
of 7m diameter and 20m length with an energy resolution of 1 eV. An electron transport system
guides electrons from the T2 sources to the spectrometers, while eliminating all tritium molecules
in a two stage process, consisting of a differential pumping part followed by a cryotrapping part
The pre-spectrometer having a retarding potential of about 100 V below the β endpoint allows only
the high energy tail of the β electrons, comprising about 2× 10−7 of the total decay rate, to enter
the main spectrometer. The overall length of this linear set-up amounts to about 70m. Shown for
comparison is the present Mainz setup at the same scale.

3 The KATRIN experiment

The tritium β decay experiments at Troitsk and Mainz have almost reached their limit
of sensitivity. It can be estimated that future measurements of both experiments
would improve the current limit only marginally to m(νe) < 2 eV. To measure an
electron neutrino mass in the sub-eV region thus requires a new experiment with
much higher ν-mass sensitivity.

In the following sections we present a design study for a next-generation tri-
tium β decay experiment with a sensitivity to sub-eV neutrino masses, following first
ideas presented in 47,50). The experiment we propose, the Karlsruhe Tritium Neutrino
(KATRIN) experiment, would have an estimated sensitivity of m(νe) = 0.35 eV (90 %
C.L.), which is about one order of magnitude better than the sensitivity of the cur-
rent experiments. For m2(νe), which is the observable in a direct neutrino mass
measurement, this corresponds to an improvement by two orders of magnitude. This
requires significant improvements of the tritium source strength and the spectrometer
resolution.

The proposed KATRIN set-up is based on the long-term experience with the
existing spectrometers of the MAC-E type 39,40) and has been prepared by groups
from Fulda, Karlsruhe, Mainz, Prague, Seattle and Troitsk.

20

spectrometer: 
7 m diameter 
20 m length

• Linear dim. of setup:      x10 
• Statistics increase:         x100 
• Systematics reduction:   ÷100
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The Karlsruhe Tritium Neutrino Experiment

… as realized today:

Ca. 140 collaboration members 
from ~20 institutions in 6 countries

Sensitivity on m(νe):   2 eV ➜  200 meV

windowless  
gaseous T2 source  

1011 e- / s

tritium pumping  
& e- transport

MAC-E type spectrometer 
10 m diameter, 24 m length

electron 
detector  
< 1 e- / s

➜ Lecture by G. Drexlin 

on Thursday

~70 m beamline
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• Relative shape measurement 
of integrated β spectrum 

• 4 fit parameters: 
m2
ν      , E0 , AS , RBg
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Statistical & systematic uncertainties

• σstat :10 mcps reference 
background level 

• Balance of σsyst and total σstat 
after 3 years of data 

• Re-evaluation of individual 
systematics ongoing during 
system characterisation

Statistical 
Final-state spectrum 

T– ions in T2 gas 
Unfolding energy loss 
Column density fluct. 

Background slope 
HV fluctuations 

Source (plasma) potential 
Source B-field variation 

Elast. scattering in T2 gas

σ(mν
2)

σ(mν
2)stat= 0.018 eV2

σ(mν
2)syst= 0.017 eV2

KATRIN’s uncertainty budget (design sensitivity, ~2004):
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Windowless gaseous tritium source

Sept. 2015

KIT – The Research University in the Helmholtz Association

tritium 
injection

30 Kelvin

3.6 Tesla

e-

tritium
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tritium
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longitudinal source profile (approx.)
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Thermodynamic properties of the KATRIN 
Windowless Gaseous Tritium Source
Moritz Hackenjos, Institute of Technical Physics (ITEP), for the KATRIN Collaboration, moritz.hackenjos@kit.edu

The KATRIN Windowless Gaseous Tritium Source (WGTS)

Tasks
• Achieve a source activity of 1011 Bq

(0.1% stability) 
• Guide adiabatically the decay electrons

Closed tritium cycle

in

out

Superconducting magnets 3.6 T

DPS1-R DPS1-FWGTS

D
en

si
ty

out

out

out

Temperature requirements
• Temporal stability: ΔTt ≤ 30 mK
• Homogeneity: ΔTh ≤ 30 mK

Source activity function of
• Tritium gas purity (> 95%)
• Column density( 1 – 5 ∗1017 cm-2)

Doppler effects dominate T > 33 K 

Cluster effects dominate T < 27 K 

Column density function of
• Tritium inlet pressure
• Beam tube temperature
• Pumping performance

The beam tube cooling 27 – 30 K

Neon 
gas 

supply

Vapour pressure 
sensor

Pt500

1.7·1011 Bq

Stand alone commissioning

• Test of beam tube 2-phase neon cooling system
• Pt500 in-situ calibration with vapour pressure sensor
• Measurement of temperature homogeneity

Length of beam tube
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Superconducting coil

Insulation vacuum 
chamber < 105 mbar

Outer shield LN2 77 K

Inner shield He ~30 K

LHe vessel 4.2 K

Beam tube ~30 K

The KATRIN experiment

𝑒−

T2

T-cluster

𝑒−

WGTS Transport section Main spectrometer𝑒−

stability 0.1%

Sensitivity: 200 meV (90% C.L.)

Length of beam tube

30 K

Gaseous molecular tritium source of 
• high activity (~170 GBq) 
• high isotopic purity (εT  > 95%) 
• high gas column stability (0.1%) 

n ~ εT · p · V / (R · T)

• 2-phase neon cooling concept fully validated 
• ~800 sensors & valves tested successfully

H. Seitz-Moskaliuk, 
S. Mirz (Sun)
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‣ Fully adiabatic, lossless electron transport in 5.6 T magnetic field 
‣ Reduction of T2 flow rate to spectrometers by factor >1014: 

magnetic chicane with differential and cryo-pumping 
‣ Ion diagnostics & ion flux blocking by electrostatic barrier

Transport & pumping sections

Differential Pumping Section

T2

Ar

argon frost at 3-4 K

Cryogenic Pumping Section

July 2015
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KATRIN main spectrometer

Inner electrode system

Large Helmholtz coil system

solenoid

electrode
analysing plane

solenoid

Magnetic Adiabatic Collimation and Electrostatic Filter

�E

E
=

B
min

B
max

2016 JINST 11 P04011

Figure 3. Left: arrival of the KATRIN Main Spectrometer vacuum vessel at the Karlsruhe Institute of
Technology. One of the 50-cm-long DN200 ports is indicated. Right: location of the main vacuum pumps
in one of the three pump ports.

that are formed from titanium sheet metal are maintained at the vessel potential. These so-called
anti-Penning electrodes act as shielding in the high-field region to prevent deep Penning traps from
forming.

The wire-electrode system consists of 23,440 individually insulated wires (see figure 4). It
is used for fine-tuning the electrostatic field, preventing Penning traps, and providing the axial
symmetry of the field [25]. With the wires being at a potential that is 100 V lower than the vessel,
the system is also responsible for the electrostatic rejection of electrons created by cosmic muons
or radioactive decays at the wall of the vessel. The wires are strung on 248 stainless steel frames
(“modules”). In most of these electrode modules the wires are strung in two layers. In addition the
electrode system is subdivided both in the axial direction and in the vertical direction into several
sections. This allows for a gradual adjustment of the electric potential in the axial direction, and
for applying short dipole pulses regularly to remove magnetically trapped electrons from the MS.
Modules belonging to the same section share the same voltages for their wire layers. Each section
contains between 4 and 50 modules.

The high voltage vacuum feedthroughs are mounted at DN200 ports above the di�erent sections.
Inside the vacuum volume, the feedthroughs are connected with 1.5-mm diameter stainless steel
(Inconel®) wires to the insulated connectors at the distribution panels that are attached to the
frames of the electrode modules underneath the respective ports. Copper-beryllium (CuBe) rods
with a diameter of 3 mm distribute the voltages from the distribution panels to the corners of the
first module of a section, where further distributions to neighboring modules are achieved via
spring-loaded contacts and short wires.

Short circuits between wire layers would reduce the e�ciency of background rejection, while
a broken wire, which may electrically short to the vessel, would render both the fine tuning of
the field and the rejection of backgrounds ine�ective. Special care and extensive quality control
measures were taken to build a robust wire-electrode system, in particular with regard to the stress
on the numerous wires and interconnects during the bake-out of the vacuum system.

– 6 –
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that are formed from titanium sheet metal are maintained at the vessel potential. These so-called
anti-Penning electrodes act as shielding in the high-field region to prevent deep Penning traps from
forming.

The wire-electrode system consists of 23,440 individually insulated wires (see figure 4). It
is used for fine-tuning the electrostatic field, preventing Penning traps, and providing the axial
symmetry of the field [25]. With the wires being at a potential that is 100 V lower than the vessel,
the system is also responsible for the electrostatic rejection of electrons created by cosmic muons
or radioactive decays at the wall of the vessel. The wires are strung on 248 stainless steel frames
(“modules”). In most of these electrode modules the wires are strung in two layers. In addition the
electrode system is subdivided both in the axial direction and in the vertical direction into several
sections. This allows for a gradual adjustment of the electric potential in the axial direction, and
for applying short dipole pulses regularly to remove magnetically trapped electrons from the MS.
Modules belonging to the same section share the same voltages for their wire layers. Each section
contains between 4 and 50 modules.

The high voltage vacuum feedthroughs are mounted at DN200 ports above the di�erent sections.
Inside the vacuum volume, the feedthroughs are connected with 1.5-mm diameter stainless steel
(Inconel®) wires to the insulated connectors at the distribution panels that are attached to the
frames of the electrode modules underneath the respective ports. Copper-beryllium (CuBe) rods
with a diameter of 3 mm distribute the voltages from the distribution panels to the corners of the
first module of a section, where further distributions to neighboring modules are achieved via
spring-loaded contacts and short wires.

Short circuits between wire layers would reduce the e�ciency of background rejection, while
a broken wire, which may electrically short to the vessel, would render both the fine tuning of
the field and the rejection of backgrounds ine�ective. Special care and extensive quality control
measures were taken to build a robust wire-electrode system, in particular with regard to the stress
on the numerous wires and interconnects during the bake-out of the vacuum system.

– 6 –

UHV system for ~1250 m3 spectrometer
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‣ Ø 90 mm Si-PIN diode 
‣ 148 pixels (dartboard layout) 

‣ ΔEFWHM ~2 keV 

‣ high detection efficiency

Detector system

‣ low intrinsic background 
(passive & active shielding) 

‣ post-acceleration up to 10 kV

B = 6 T

B = 3.6 T
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Institute for Nuclear Physics (IKP) 6 23.02.2016 

Overview background processes 

Florian Fränkle, “Background processes in MAC-E filter” 

XLVII Arbeitstreffen Kernphysik 2016, Schleching, Germany 

219Rn 
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baffle 

µ vessel 

wire 
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210Pb, … 
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γ 
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Penning 
discharge 

field 
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radioactivity 

UV 

FPD 

H+ 

cosmic 
muons 

H- 

insulator 
processes 

NR 

• 8 sources of background investigated and understood 
• 7 out of 8 avoided or actively eliminated by  

-  fine-shaping of special electrodes 
-  inner electrode (wire grids on neg. potential) 
-  symmetric magnetic fields 
-  cold traps (LN2-cooled baffles to remove 219Rn)

• 1 out of 8 remaining:  
210Pb on spectrometer walls 
(thermal ionisation of neutral H* atoms) 

• Countermeasures: 
    - extensive bake-out (done) 
    - irradiation by strong UV source     
      (ongoing investigation)

(✓)

Backgrounds in KATRIN
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KATRIN milestone:  
gearing up for tritium with 83mKr

KATRIN krypton campaign: 3-19 July 2017

83
36

3.3 Applications of 83mKr for energy scale calibration and monitoring 43
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Figure 3.5: The conversion electron spectrum of 83mKr [McC15]. Shown are the summed inten-
sities per 83mKr decay of conversion electrons which are of the same nuclear transition and
from the same electron shell. The Auger electrons with the energies of 1.5 keV and 10.8 keV,
which are also emitted in the decay, are not shown.

described by the Lorentzian function

I(E) =
1

⇡

�i/2

(E � Ei)2 + �2

i /4
, (3.42)

where �i is the full width at half maximum (FWHM) which is related to the mean lifetime
of the vacancy ⌧i through the “energy-time uncertainty relation” �i⌧i = ~. The values
�i range from a few tens of meV for the outer shell electrons (longer lifetime) to a few
eV for the inner shell electrons (shorter lifetime) [Cam01]. The FWHM of the K-32
line is �

K

= 2.7 eV. Fig. 3.6 shows the di↵erential K-32 line shape I(E) as described
by Eq. (3.42) with5 E

K

= 17 824.3 eV. In the same figure the integral spectrum S(qU),
Eq. (2.9), of the conversion line is shown as observed by the MAC-E filter with the
transmission function in Eq. (2.8) and the KATRIN magnetic field configuration.

3.3 Applications of 83mKr for energy scale calibration
and monitoring

As described in detail in Section 2.2 the electrostatic barrier facing the electrons in the
MAC-E filter is created by a set of retarding electrodes at high negative potential. Thus,
fluctuations of the retarding field caused by instability of the high-voltage system are a
potential source of energy scale distortions. Similarly, variations of the electrical potential

5 The binding energy for a free krypton atom is B

vac
K = 14 327.26(4) eV [Dra04] and the gamma photon

energy is taken from Eq. (3.48a).
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83mKr 83Rb

    EC:  
T1/2 = 86 d41.6 keV

9.4 keV

IC, 𝛄 
T1/2 = 1.8 h

IC, 𝛄stable

System characterization with 
mono-energetic & isotropic CE: 
sharp transmission of MAC-E filter, 
detector properties, system alignment, 
absolute energy scale calibration, …

Hardware readiness 
from source to detector 
with 83mKr as short-lived 
“tracer”

Data chain from raw 
data & slow control 
parameters to  
high-level analysis tools

narrow (< 2 eV) CE lines at 7 … 32 keV
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Krypton measurement programme at KATRIN

Condensed 83mKr source 
• Thin film on cold substrate 
• Spot-like source, can be 

moved across flux tube 
• Ca. 1 MBq 83Rb

U Münster

Gaseous 83mKr source 
• Krypton decays inside 

WGTS beam tube (100 K) 
• Homog. spatial distribution 
• Ca. 1 GBq 83Rb

NPI Řež
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Krypton measurement programme at KATRIN

Gaseous 83mKr source 
• Krypton decays inside 

WGTS beam tube (100 K) 
• Homog. spatial distribution 
• Ca. 1 GBq 83Rb

Condensed 83mKr source 
• Thin film on cold substrate 
• Spot-like source, can be 

moved across flux tube 
• Ca. 1 MBq 83Rb

Implanted 83mKr source 
• Parallel measurement 

at Monitor Spectrometer 
• Excellent stability proven 

since many years

Three different krypton sources ➜ handle on systematics, extensive characterization 

July 2017 since 2012

➜ H. Seitz-Moskaliuk
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preliminarypreliminary

L3-32 line (30.47 keV, Γ ~1.4 eV) K-32 line (17.8 keV, Γ ~2.8 eV)

• Example runs (two out of many line scans) 

• Only central detector ring shown (x30 more statistics available) 

• High-resolution scans of narrow N2,3-32 doublet (670 meV hyperfine splitting, 
sub-eV natural widths, background-free at 32 keV) currently being analyzed

Line stability & absolute calibration  
(gaseous Kr source)
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Line stability & absolute calibration  
(gaseous Kr source)

preliminary

stability	goal	for	2-month	run	
• Repeated scans of L3-32 line 
• Line position stability well within 

KATRIN goal of ± 60 meV 
➡ Excellent stability of Krypton 

source and HV system

• Absolute calibration of HV divider with nuclear standard 

• Line position difference L3-32 — K-32 
→ source-related systematics cancel 
→ ~5 ppm preliminary uncertainty on energy scale  
(very good agreement with 2013 PTB calibration value!)
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Status of tritium-bearing components

tritium source cryostat differential pumping & cryo-pumping sections

September 2015

source instruments panel

> Mechanical and cryo-infrastructure finished 
> Superconducting solenoids operational 
> Test of ~800 sensors completed 
> Installation of tritium loops ongoing 
   (~100 m of piping, valves)
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“Rear Section”: major importance for systematics control

Integration of Calibration and Monitoring System

Kerstin SchönungWork function studies of Rear Wall candidates using a 
Kelvin Probe

06/18/20153

Rear Wall determines the WGTS plasma 
potential

e

Rear wall

The potential of the source plasma and 
the spectrometer must be equally 
extremely stable

If Rear Wall is positively biased, its 
work function determines the plasma 
potential of WGTS

Careful testing of the Rear Wall is 
required…

EVac

FS

eS

EVac

FS

eS

Rear Wall: Au surface creates 
stable and homogeneous 
electrostatic potential (~10-20 mV) 
in the source plasma∅ 150 mm

under 
construction

Precision e- source:  
regular column density monitoring 
+ determination of energy loss function (scattering)
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Precision electron source for 
calibration & monitoring

1. photo emission 
from Au cathode  

UV light: 260–320 nm

[Valerius et al., JINST 6 (2011) 01002; 
Beck et al., JINST 9 (2014) 11020]

2. acceleration in 
E-field

3. adiabatic guiding  
in B-field

c. Jan Behrens

Requirements: sharp energies:  
< 200 meV at 18.6 keV

defined pitch angles 
(spread 2-5°)

short pulses 
(~ few 10 ns)

rate stability

Realization:
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Precision electron source for 
calibration & monitoring

Rear Section electron source being 
prepared for commissioning

CF 160 flange

c. Philipp Ranitzsch

Concept successfully tested at  
Monitor and Main Spectrometers:

[Behrens et al., EPJ C77 (2017) 410; 
PhD theses Behrens, Erhardt, Barrett, Wierman, Kraus] 

photoelectron energy (eV) 

0° 90°
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Determining the energy loss function

[V. Hannen, KV, et al., Astropart. Phys. 89 (2017) 30]

Measurement of electron transmission 
at different gas column density

➜ determine energy loss function 
through deconvolution 
(here: singular value decomposition, SVD)

elastic

excitation

dissociation

ionisation
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Modelling of the β spectrum

State-of-the-art nuclear & molecular theory 3d gas-dynamics modelling

Reference 
spectrum 
generator
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0.08

10 20 30 40 50 60 70 80

pr
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excitation energy Vf in eV

 T2

 DT

- electronic final states, radiative corrections, 
Doppler effect 

- minor: relativistic Fermi function & recoil, 
screening, finite nuclear extension, …

0 10 20 30 40 50
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surplus energy E-qU in eV
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99

01

0.01

0.02

0.03

0.04
1.003

1.002

1.001

1.000

0.999

0.998

0.997

 n/n0

y 
/ m

- longitudinal and radial pressure, 
density, temperature profiles 

- plasma potential 
- magnetic field model

excitation	energy	in	eV

pr
ob

ab
ili
ty

n/n0

45 mm

- Connection to extensive sensor network 

- Online gas composition monitoring 
via laser Raman system (➜ S. Mirz)
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9

sterile ν sensi1vity

● standard measuring 1me distr.

op1mized for ac1ve ν search

● 5 cal. years of data taking
● ac1ve ν mass is <xed at 0 eV

reactor anomaly

combined <t 90% C.L.
K. N. Abazajian et al. 2012

KATRIN 5σ

KATRIN 4σ

KATRIN 3σ

KATRIN 95%

KATRIN 90%

KATRIN 68%

con<dence levels

28

• … close to the spectral endpoint E0:

e.g. Formaggio & Barrett, PL B706 (2011) 68;  
Sejersen Riis & Hannestad, JCAP02 (2011) 011; 
Esmaili & Peres, PR D85 (2012) 117301

Exploring the physics potential
standard operation 

mode for KATRIN

preliminary

search for eV-scale sterile ν               

Steinbrink et al., JCAP 06 (2017) 015

�10 �8 �6 �4 �2 0
E � E0 (eV)
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1.4
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w
(E

)/
w

0(
E

)

cLR = �0.4

cLR = �0.2

cLR = 0

cLR = 0.2

Figure 1. �-spectrum ratio w(E)/w0(E) near the endpoint for di↵erent left-right interference
strengths cLR for e↵ective mixing angle sin2 ✓e↵ = 0.2, sterile neutrino mass mh = 2 eV and light
neutrino mass ml = 0.2 eV. For simplicity, only the Vj = 0 component of the �-spectrum has
been used.

2.3 Discussion of shape and parameter dependencies

Since we are interested in the e↵ective shape of the spectrum with right-handed currents
(2.10) in relation to the standard �-spectrum (2.1), we study the expression w(E)/w

0

(E),
where w

0

(E) is the �-spectrum (2.10) with zero neutrino masses ml = mh = 0. For
simplicity, only the electronic ground state Vi = 0 in (2.1) has been taken into consider-
ation. It is plotted as a function of the energy for di↵erent e↵ective left-right interference
strengths c

LR

in fig. 1. In case of c
LR

= 0, no contribution from left-right interference
is present and the spectrum is purely a superposition of two �-spectra with neutrino
masses, ml and mh, respectively, according to eq. (2.10). The exemplary contribution
of the sterile mass state mh = 2 eV with a strength of sin2 ✓ = 0.2 in the plot leads to
the well-known step-like feature at E

0

� mh [4, 5]. A non-vanishing c
LR

leads either to
a boost or a suppression in the regions just below E

0

� ml and E
0

� mh, respectively,
spanning a few eV at maximum and depending on the sign of c

LR

. Due to the di↵erent
sign of active and sterile interference terms (2.10), a positive cLR causes a boost below
E

0

� mh, due to the term proportional to mh/(E
0

� E), together with a suppression
below E

0

�ml, due to the term proportional to ml/(E
0

�E), and vice versa for negative
cLR. The e↵ect is slightly more pronounced below E

0

�mh than below E
0

�ml because
of the proportionality to mh and ml, respectively. To demonstrate the mass-dependency,
the same expression is plotted in fig. 2 for a fixed c

LR

= 0.5 as a function of the sterile

– 6 –

 … in the presence of non-SM currents

Left-Right symmetric model
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Exploring the physics potential
3.5 keV line?

• … further away from E0:  
 search for keV-scale sterile ν as WDM candidates

➜ S. Mertens (Thu)

7-pixel prototype  
HLL, Munich

)θ(2sin
-910 -810 -710 -610 -510 -410 -310 -210

 (k
eV

)
s

m

1

10
Post, differential
Post, integral
Pre, differential
Pre, integral

Tremaine-Gunn
X-ray
DM overproduction
Laboratory

Figure 40. 90% statistical
exclusion limit of a Pre- and
Post-KATRIN-like experiment.
The Post-KATRIN measurement
is based on a 3-years measurement
with the full KATRIN source
strength. The Pre-KATRIN
measurement assumes a factor 105

reduction of count rate and a mea-
surement time of 7 days. The gray
lines represent the current labora-
tory limits [556] and the parameter
space excluded by astrophysical
observations [554, 874].

One of the most dangerous systematic effects will be related to backscattering of electrons
from the detector surface. To mitigate this effect the detector location needs to be optimized.
By placing the detector at a distance from the maximal magnetic field at the exit of the
main spectrometer, most of the backscattered electrons are reflected back to the detector in
short time intervals of less than a few hundreds of nanosecond. Since the magnetic flux area
is increased at lower magnetic field, the detector area needs to be increased accordingly. A
minimal detector radius is rdet > 100 mm. Furthermore, the energy threshold needs to be low
enough (a few hundreds of eV) in order to detect backscattered electrons, which deposit only
a small fraction of their energy in the detector. This in turn, requires a very thin deadlayer
of the order of 10 nm.

To allow for a differential measurement of the tritium �-decay spectrum, a good energy
resolution of 300 eV at 20 keV is necessary. This requires a thin deadlayer, low capacity
and low leakage current. To combine the requirement of large pixel size with low capacity, a
design with small (point-like) read-out contact and steering electrodes is being considered.

Currently, detector prototyping in collaboration with the Max-Planck Semiconductor
Laboratory in Munich, Commissariat a l’énergie atomique et aux énergies alternatives (CEA),
Lawrence Berkeley National Laboratory (LBNL), Oak Ridge National Laboratory, and Karl-
sruhe Institute of Technology is ongoing.

Time-of-Flight (TOF) mode An alternative to an upgrade of the detector system might
be the introduction of a TOF mode. In a similar fashion to a novel detector, a TOF mode also
changes the measurement strategy towards obtaining a differential spectrum. However, this
approach is based on using the existing detector/DAQ infrastructure while applying minor
modifications in the spectrometer section.

The principal sensitivity enhancement of such a strategy has already been shown in the
context of light neutrino mass measurements in [550]. The basic idea is to measure and fit
the TOF distribution of the electrons rather than the integrated energy spectrum. Since the
TOF is dominantly a function of the electron surplus energy relative to the retarding poten-
tial as well as the polar emission angle of the electron, the measurement contains important
information about the energy distribution closely to the retarding potential besides the raw
count-rate (see figure 41). Having this supplementary information is statistically equivalent
to a differential energy spectrum, thus enabling all the benefits of a differential measure-

– 150 –

novel concepts 
required

first tritium data at reduced 
source strength of KATRIN

KeV sterile neutrino white paper 
[Adhikari et al., JCAP 01 (2017) 025]

see: recent result of  
Troitsk nu-mass exp. 
[Abdurashitov et al.,  
JETP Lett. 105 (2017) 753]
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Summary & outlook

‣ β decay allows model-independent, direct access to neutrino mass scale 
‣ KATRIN will exhaust degenerate mass regime:  200 meV (90% CL for 5 yrs of running); 

reaching sub-eV sensitivity with first few weeks of data 

‣ Interesting physics potential beyond mν: eV and keV scale sterile ν, RH currents, LIV, …

Spectrometer & detector section  
2 successful commissioning phases already done 

ongoing: background investigations

Preparing KATRIN for neutrino-mass measurements:

➜  First tritium runs starting in 2018, inauguration ceremony: 11 June 2018

Analysis chain 
adv. modelling & analysis framework 
ongoing: data quality filters, blinding

Tritium-bearing components  
- now: final system integration 
- overall beamline test with 83mKr 
  achieved in July 2017 

- next: inactive commissioning      
  with D2, then D2(T2)
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Looking ahead:  
future prospects in direct neutrino mass searchComplementarity
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T. Schwetz 69

current direct lim
it:   2 eV

ongoing experim
ents

new
 ideas

Several new avenues  
towards improvement:

CRES technique Micro-calorimeters

ToF spectro
scopy

ECHo, 
HOLMES, 
NuMECS

Project 8

PTOLEMY

Challenges for further improvement: 
• Opacity of gaseous T2 source (already optimised for KATRIN, ~40% no-loss e-) 
• MAC-E filter does not scale further, measures integral beta spectrum 
• Molecular final state excitations (vib: ~100 meV) as ultimate limitation for T2


