
www.kit.eduKIT – The Research University in the Helmholtz Association 

A survey of direct neutrino mass measurements 
Recent Developments in Neutrino Physics and Astrophysics // Borexino10th 
LNGS & GSSI, 4-7 September 2017

KATHRIN VALERIUS, Karlsruhe Institute of Technology



K. Valerius: Direct ν-mass measurements2

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
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➜  R. Battye (Tue) ➜  A.B. McDonald,  
J. Menendez (Wed)

➜  this talk
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Direct kinematic determination of m(νe)
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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)
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Kinematic measurement can probe for 
heavier neutrino states  
➜ eV-scale and keV-scale sterile ν

➜  C. Giunti, S. Schönert, D. Iakubovskyi (Thu)
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Tritium beta 
spectroscopy
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windowless  
gaseous T2 source  

1011 e- / s

tritium pumping  
& e- transport

high-res. electron 
spectrometer

electron 
detector  
< 1 e- / s

The Karlsruhe Tritium Neutrino Experiment
Sensitivity: 2 eV ➜ 0.2 eV 
‣ Improvement x100 in statistics and systematics 
‣ Background comparable to predecessors 
‣ 70 m total beam line
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Status of the KATRIN source

KIT – The Research University in the Helmholtz Association
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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
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si
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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 stability (0.1%)
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Status of the KATRIN source
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Gaseous molecular tritium source of 
• high activity (~170 GBq) 
• high isotopic purity (εT  > 95%) 
• high stability (0.1%)

• 2-phase neon cooling concept fully validated 
• ~800 sensors & valves tested successfully
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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
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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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UHV system for ~1250 m3 spectrometer
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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 
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• 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)

Spectrometer-related backgrounds
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• 7 out of 8 avoided or actively eliminated by  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(✓)

Spectrometer-related backgrounds
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KATRIN milestone:  
gearing up for tritium with 83mKr

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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KATRIN milestone:  
gearing up for tritium with 83mKr

KATRIN krypton campaign: 3-19 July 2017
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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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sities per 83mKr decay of conversion electrons which are of the same nuclear transition and
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⇡
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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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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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Three complementary krypton sources at KATRIN

1. Gaseous 83mKr source 
• Krypton decays inside 

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

NPI Řež

July 2017

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

moved across flux tube 
• Ca. 1 MBq 83Rb

U Münster

July 2017

3. Implanted 83mKr source 
• Parallel measurement 

at Monitor Spectrometer 
• Excellent stability proven 

over several years

since 2012

U Bonn & NPI Řež
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Integral conversion line spectra  
(gaseous Kr source)

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
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• Line position stability (L3-32) well 

within KATRIN goal of ± 60 meV 
➡ Excellent stability of Krypton 

source and HV system
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Line stability & absolute calibration  
(gaseous Kr source)

preliminary

stability	goal	for	2-month	run	
• Line position stability (L3-32) 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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Outlook: next steps for KATRIN

Central Tritium Retention System  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Outlook: next steps for KATRIN

Tritium data-taking: start in 2018  
KATRIN inauguration ceremony: June 11, 2018 (after NEUTRINO’18 at Heidelberg)
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e.g. energy loss measurement

[V
. H

an
ne

n 
et

 a
l.,

 A
st

ro
pa

rt.
 P

h.
 (2

01
7)

]

Central Tritium Retention System  
& isotope separation

KATRIN 
beamline

TLK 
infra-

structure

Tests with inactive D2 

➜ with traces of T2

loops system

System complete 
(except tritium loops, calibration system)

[B
.  

B
or

ns
ch

ei
n 

et
 a

l.,
 F

us
io

n 
S

ci
. T

ec
hn

ol
. (

20
17

)]



K. Valerius: Direct ν-mass measurements15

• Relative shape measurement 
of integrated β spectrum 

• 4 fit parameters: 
m2
ν      , E0 , AS , RBg
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statistics and systematics

at design parameters:
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Complementarity
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 sens

Planck + BAO + ...
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mee [eV]

NO IO Xe

Ge

0‹—— : Ge: GERDA + HDM + IGEX, Xe: KamLAND-Zen + EXO
ranges due to NME compilation from Dev et al., 1305.0056
cosmology: Planck Dec. 2014

T. Schwetz 69

current direct lim
it:   2 eV

ongoing experim
ents

new
 ideas

Several new avenues:

CRES technique Micro-calorimeters

ToF spectro
scopy

Future prospects in direct neutrino mass search

Challenges for further improvement: 
• Opacity of gaseous T2 source (already optimised for KATRIN, ~40% no-loss e-) 
• MAC-E filter measures integral beta spectrum 
• Molecular final state excitations (vib: ~100 meV) as ultimate limitation for T2
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Frequency-based 
approach
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electron energy via cyclotron 
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Review of the phase 1 insert
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52	mm

Phase I system

➜ Proof of principle of CRES technique
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Project 8: phase I results

First observation of cyclotron radiation from single keV electrons

[Asner et al., PRL 114 (2015) 162501; La Roque et al., NEUTRINO 2016]

III. Data analysis procedure

VI. References

I. What is CRES?

Results from the Project 8 Phase 1 Cyclotron 
Radiation Emission Spectroscopy Detector

Pr
oj
ec
t 
8

II. The Phase 1 System

IV. Improved Resolution V. Sidebands

f = fc
γ

= 1
2π
i

eB
K / c2 +me

fc = 27 992.49110(6)MHz T
−1

The cyclotron frequency for a charged particle is inversely proportional to its 
Lorentz factor. Therefore, measuring the frequency of an electron’s cyclotron 
radiation, combined with knowledge of the magnetic field, provides an in situ 
measurement of the electron’s energy. This technique was proposed for use in 
tritium beta decay spectroscopy in 2009 [1] and has subsequently been 
demonstrated using internal conversion electrons from Kr-83m [2].

[1] B. Montreal and J.A. Formaggio, “Relativistic cyclotron radiation detection of tritium decay 
electrons as a new technique for measuring the neutrino mass,” Phys. Rev. D 80, 051301 (2009)
[2] D.M. Asner, et al. (Project 8 collaboration), “Single-electron detection and spectroscopy via 
relativistic cyclotron radiation,” Phys. Rev. Lett. 114, 162501 (2015)
[3] Figure modified from here: http://wswww.physik.uni-mainz.de/werth/g_fak/penning.htm

For each 30 microsecond time window, a power 
spectrum is computed and each frequency bin is 
compared to a threshold defined as a fixed power 
above the RMS noise power for that bin

Density-based scanning of all points above 
threshold is used to find line segments of 
continuous excess power

Individual tracks from individual electrons are 
grouped across discrete frequency jumps 
corresponding to the electron scattering.
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2 θC( ) M 2 F Z,E( ) p E +mec
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Counterclockwise from left:
• Photo of the entire phase 1 system
• Photo of the source section of the 

waveguide insert
• Illustrated cross-section of the 

source section
• Illustration of the motion of a 

confined electron
• Block diagram of analog signal 
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Prior to data collection in 2015 several changes were made. The 
analog mixing stages were rebuilt using higher quality components, 
reducing the noise floor. Also, a two higher-field trap configuration 
was adopted which reduced axial frequency, allowing sidebands to 
be observed simultaneously with the fundamental.

0.9459 T magnetic field

83mKr conversion electrons
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[3]

Data collected in 2015 using a pair of 
trapping coils to create a pair of high 
field regions which are coaxial but 
offset along the main field. Here the 
observed FWHM is 3.3 eV.

Spectrum of data collected in 2014 [2] 
using a single trapping coil to generate a 
central low field region. This first 
demonstration of CRES achieved a 
FWHM of 140 eV at 30.4 keV in the full 
spectrum, and 15 eV in a configuration 
with a more uniform magnetic field.

A. Ashtray Esfahani, S. Böser, C. Claessens, L. de Viveiros, P.J. Doe, S. Doeleman, M. Fertl, E.C. Finn,
J.A. Formaggio, M. Guigue, K.M. Heeger, A.M. Jones, K. Kazkaz, B.H. LaRoque, E. Machado, B. Monreal,
J. Nikkel, N.S. Oblath, R.G.H. Robertson, L.J. Rosenberg, G. Rybka, L. Saldaña, P. Slocum, J.R. Tedeschi,
T. Thümmler, B.A. Vandevender, M. Wachtendonk, J. Weintroub, A. Young, E. Zayas

83mKr lines 
at 3.3 eV (FWHM)
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Project 8: staged approach
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Single-electron CRES demonstrated 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• Phase II  (2015-2017):  
tritium demonstrator 
- Improved waveguide, read-out, 

energy resolution, systematics study 
- Continuous T2 β-spectrum, m(νe) ~ 100 …10 eV
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Project 8: staged approach
Phase II

Phase III

• Phase I (2010-2016): proof of principle  
Single-electron CRES demonstrated 
with conversion electron lines from 83mKr

• Phase II  (2015-2017):  
tritium demonstrator 
- Improved waveguide, read-out, 

energy resolution, systematics study 
- Continuous T2 β-spectrum, m(νe) ~ 100 …10 eV

• Phase III (2016-2020):  
large volume demonstrator 
- Conceptual design for “open” receiver array, MRI magnet 
- 105 Bq in 200 cm3 volume (10 cm3 effective) 
- Tritium data competitive with m(νe) ~ 2 eV (1 yr)
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Project 8: staged approach
Phase II

Phase III

Phase IV

• Phase I (2010-2016): proof of principle  
Single-electron CRES demonstrated 
with conversion electron lines from 83mKr

• Phase II  (2015-2017):  
tritium demonstrator 
- Improved waveguide, read-out, 

energy resolution, systematics study 
- Continuous T2 β-spectrum, m(νe) ~ 100 …10 eV

• Phase III (2016-2020):  
large volume demonstrator 
- Conceptual design for “open” receiver array, MRI magnet 
- 105 Bq in 200 cm3 volume (10 cm3 effective) 
- Tritium data competitive with m(νe) ~ 2 eV (1 yr)

• Phase IV (2017+): atomic tritium source 
- R&D for large-volume (200 m3) atomic tritium source  

(< 1 K), magnetic confinement 
- goal: sub-eV sensitivity at inverted hierarchy scale
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Calorimetric 
approach  

using 163Ho
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ν-mass from 163Ho electron capture

eν

Electron Capture: 163Ho
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Challenges: 
• Production & purification of isotope 163Ho 
• Incorporation of 163Ho into high-resolution detectors 
• Operation & readout of large calorimeter arrays 
• Understanding of calorimetric spectrum  (nuclear & atomic physics + detector response) 

[L. Gastaldo]
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World-wide efforts in 163Ho-based ν-mass search

- Testing concepts of  
163Ho-incorporation  
and TES read-out 

- ΔE ~ 35 eV achieved 

- sensitivity: mostly R&D up 
to now, maybe large array?

India Slovakia 
Hungary Russia

CERN

TES

Au-absorber 
with 163Ho

- Metallic Magnetic Calorimeters  
- ΔE < 5 eV achieved 

- m(ν) sensitivity:  
10 eV with ECHo-1k (2015-18) 
sub-eV with ECHo-10M

- Transition Edge Sensors 
→ detectors from NIST 
→ implanting at Genoa  
→ cryostat at Milano 
- ΔE ~ 1 eV design 

- sensitivity: m(ν) ~ 1 eV  
2018-20

NuMECS
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TES technology:

2017 JINST 12 C02046

1 2

Figure 6. Obtained energy (left) and time (right) resolutions for one class of the produced TESs by using a
55Fe X-ray source.

demodulated signal sampling rate. The measured TESs were previously characterized at NIST with
standard techniques. When operated at a bias point that is 20% of the normal state resistance R

n

(9 m⌦) they showed a sensitivity to temperature ↵ of 60, a current sensitivity � of 1.8, and a noise
parameter M of 1.5. The C and G thermal parameters resulted around 0.8 pJ/K and 600 pW/K,
respectively. Results obtained with the two-channel system developed in Milano showed a 55Mn
K↵1/K↵2 peak separation with an energy resolution of about 6 eV (figure 6, left) and a noise level
of about 5 eV. The same detector at NIST was measured with a more standard Time Domain
Multiplexer and showed an energy resolution of 4 eV. Work is in progress to further improve the
cryogenic set-up and match the TDM results.

The fast data acquisition system combined with the large-bandwidth resonators allowed to read
out TES signals with 16 µs of exponential rise time constant (' 35 µs 10% to 90%) (figure 6,
right). This value is higher than the one needed for HOLMES but it was limited only by the Nyquist
inductor L

N

, in series to the TES, and not by the TES itself. Preliminary results from measurements
currently in progress show that reducing the L

N

from 64 nH (8 turns) to 50 nH (6 turns) a rise time
constant of 9 µs (' 20 µs 10% to 90%) is achievable, fulfilling the HOLMES requirement.

In its final configuration HOLMES will realize a SDR multiplexed read-out exploiting the
Reconfigurable Open Architecture Computing Hardware (ROACH2) board with a Xilinx Virtex6
FPGA. The complete system is composed of a digital signal processing board (ROACH2), a DAC
(for comb generation) and ADC (512 MS/s, 12 bit, 2 channels) boards, an IF board (for signal up-
and down-conversion), and SFP+ GbE interfaces optically decoupled for fast data transfer. Software,
firmware and set-up are developed in collaboration with NIST. Tests with a preliminary version of
the firmware for the multiplexing of 4 channels showed encouraging results. An expanded version
for 32 channels is in development and it will be ready in 2017. To read out the full 1024 pixel array
a total of 32 ROACH2-based systems are required.

– 8 –
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Mn Kα1,2 lines at ~5 eV resolution, "rise~ few µs

[M. de Gerone, TAUP 2017]
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HOLMES pixel designHOLMES pixel design
● optimize design for speed and resolution  → J.Hays-Wehle

▷  specs @2.5keV :  ΔE
FWHM

 ≈ 1eV,  τ
rise

 ≈ 10μs, τ
decay 

≈ 100μs (* exponential time constants)

● 2 2 μμmm Au Au  thickness for full electron and photon absorption
▷ GEANT4 simulation: 99.99998% / 99.927% full stopping for 2 keV electrons / photons

● side-car design to avoid TES proximitation and G engineering for τ
decay

 control 

● deRne process for 163Ho implantation vs. excess heat capacity 

● tests at NIST are in progress

▷ preliminary measurements agree with model predictions: 

▷ ΔE
FWHM

 ≲ 4 eV,  τ
rise

 ≈ 6 μs (with L=38nH → to be slowed), τ
decay 

≈ 130 μs (tunable)

→ J.Hays-Wehle

163Ho

163Ho
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Figure 6. Obtained energy (left) and time (right) resolutions for one class of the produced TESs by using a
55Fe X-ray source.
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parameter M of 1.5. The C and G thermal parameters resulted around 0.8 pJ/K and 600 pW/K,
respectively. Results obtained with the two-channel system developed in Milano showed a 55Mn
K↵1/K↵2 peak separation with an energy resolution of about 6 eV (figure 6, left) and a noise level
of about 5 eV. The same detector at NIST was measured with a more standard Time Domain
Multiplexer and showed an energy resolution of 4 eV. Work is in progress to further improve the
cryogenic set-up and match the TDM results.

The fast data acquisition system combined with the large-bandwidth resonators allowed to read
out TES signals with 16 µs of exponential rise time constant (' 35 µs 10% to 90%) (figure 6,
right). This value is higher than the one needed for HOLMES but it was limited only by the Nyquist
inductor L

N

, in series to the TES, and not by the TES itself. Preliminary results from measurements
currently in progress show that reducing the L

N

from 64 nH (8 turns) to 50 nH (6 turns) a rise time
constant of 9 µs (' 20 µs 10% to 90%) is achievable, fulfilling the HOLMES requirement.

In its final configuration HOLMES will realize a SDR multiplexed read-out exploiting the
Reconfigurable Open Architecture Computing Hardware (ROACH2) board with a Xilinx Virtex6
FPGA. The complete system is composed of a digital signal processing board (ROACH2), a DAC
(for comb generation) and ADC (512 MS/s, 12 bit, 2 channels) boards, an IF board (for signal up-
and down-conversion), and SFP+ GbE interfaces optically decoupled for fast data transfer. Software,
firmware and set-up are developed in collaboration with NIST. Tests with a preliminary version of
the firmware for the multiplexing of 4 channels showed encouraging results. An expanded version
for 32 channels is in development and it will be ready in 2017. To read out the full 1024 pixel array
a total of 32 ROACH2-based systems are required.

– 8 –

[A. Giachero et al., JINST 12 (2017) C02046]

2017 JINST 12 C02046

Evaporation 
Chamber

Sputter Ion
Source

90° Magnet

Faraday 
Cup

Sputter Target 
(163Ho)

-5 50
x [mm]

A = 163

A = 162

4 mm 

FWHM
Slit

Mass number
selection

Figure 2. The HOLMES custom ion implanter: from right to left, the Penning sputter ion source, the steering
magnet, the mass analyzing magnet, and the evaporation chamber.

thereby eliminating other trace contaminants not removed by chemical methods at PSI. One such
contaminant is 166mHo, which could be produced during neutron irradiation. 166mHo is a � decaying
isotope with a half life of about 1132 years [12], and decay events below 5 keV, close to the region
of interest. Therefore, removal of this isotope is potentially critical for avoiding extra background.

The metallic cathode for the ion source will be made out of a metallic holmium pellet containing
the 163Ho produced in the reduction and distillation process. The implanter is integrated with a
vacuum chamber (the target chamber) which also allows a simultaneous gold evaporation to control
the 163Ho concentration and to deposit the final gold layer to complete the 163Ho embedding.
Simulations are in progress to design a beam focusing stage with the purpose of decreasing the
beam size on the target, thereby improving the geometrical e�ciency of the implantation process.

The setting up of the laboratory in Genova where the embedding system will be hosted, is in
progress. The ion source and the magnet have been delivered by the end of 2016. The system
commissioning will start in 2017. Preliminary tests will be performed by using stable holmium or
166mHo. This initial phase will allow to assess the e�ciency of the entire process, from the neutron
irradiated Er2O3 powder to the detector absorber embedding. The target chamber is being set-up in
Milano-Bicocca and it will be initially used to tune the detector gold absorber fabrication process
without holmium implantation. It will be finally integrated with the implanter.

4 TES sensors optimization

HOLMES will use TES based microcalorimeters adapted from use in high-resolution soft X-ray
spectroscopy to this specific application. The single pixel will be Molybdenum-Copper bilayer
TES on SiN membrane with 2 µm-thick gold absorbers, which ensures a 99.99998% (99.9277%)
probability of stopping the electrons (photons) coming from the decay of 163Ho. Development of the
single TES pixel design may continue, but a suitable protype has already been identified and proven.

– 4 –
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Figure 6. Obtained energy (left) and time (right) resolutions for one class of the produced TESs by using a
55Fe X-ray source.
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standard techniques. When operated at a bias point that is 20% of the normal state resistance R
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(9 m⌦) they showed a sensitivity to temperature ↵ of 60, a current sensitivity � of 1.8, and a noise
parameter M of 1.5. The C and G thermal parameters resulted around 0.8 pJ/K and 600 pW/K,
respectively. Results obtained with the two-channel system developed in Milano showed a 55Mn
K↵1/K↵2 peak separation with an energy resolution of about 6 eV (figure 6, left) and a noise level
of about 5 eV. The same detector at NIST was measured with a more standard Time Domain
Multiplexer and showed an energy resolution of 4 eV. Work is in progress to further improve the
cryogenic set-up and match the TDM results.

The fast data acquisition system combined with the large-bandwidth resonators allowed to read
out TES signals with 16 µs of exponential rise time constant (' 35 µs 10% to 90%) (figure 6,
right). This value is higher than the one needed for HOLMES but it was limited only by the Nyquist
inductor L
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, in series to the TES, and not by the TES itself. Preliminary results from measurements
currently in progress show that reducing the L
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from 64 nH (8 turns) to 50 nH (6 turns) a rise time
constant of 9 µs (' 20 µs 10% to 90%) is achievable, fulfilling the HOLMES requirement.

In its final configuration HOLMES will realize a SDR multiplexed read-out exploiting the
Reconfigurable Open Architecture Computing Hardware (ROACH2) board with a Xilinx Virtex6
FPGA. The complete system is composed of a digital signal processing board (ROACH2), a DAC
(for comb generation) and ADC (512 MS/s, 12 bit, 2 channels) boards, an IF board (for signal up-
and down-conversion), and SFP+ GbE interfaces optically decoupled for fast data transfer. Software,
firmware and set-up are developed in collaboration with NIST. Tests with a preliminary version of
the firmware for the multiplexing of 4 channels showed encouraging results. An expanded version
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Figure 2. The HOLMES custom ion implanter: from right to left, the Penning sputter ion source, the steering
magnet, the mass analyzing magnet, and the evaporation chamber.

thereby eliminating other trace contaminants not removed by chemical methods at PSI. One such
contaminant is 166mHo, which could be produced during neutron irradiation. 166mHo is a � decaying
isotope with a half life of about 1132 years [12], and decay events below 5 keV, close to the region
of interest. Therefore, removal of this isotope is potentially critical for avoiding extra background.

The metallic cathode for the ion source will be made out of a metallic holmium pellet containing
the 163Ho produced in the reduction and distillation process. The implanter is integrated with a
vacuum chamber (the target chamber) which also allows a simultaneous gold evaporation to control
the 163Ho concentration and to deposit the final gold layer to complete the 163Ho embedding.
Simulations are in progress to design a beam focusing stage with the purpose of decreasing the
beam size on the target, thereby improving the geometrical e�ciency of the implantation process.

The setting up of the laboratory in Genova where the embedding system will be hosted, is in
progress. The ion source and the magnet have been delivered by the end of 2016. The system
commissioning will start in 2017. Preliminary tests will be performed by using stable holmium or
166mHo. This initial phase will allow to assess the e�ciency of the entire process, from the neutron
irradiated Er2O3 powder to the detector absorber embedding. The target chamber is being set-up in
Milano-Bicocca and it will be initially used to tune the detector gold absorber fabrication process
without holmium implantation. It will be finally integrated with the implanter.

4 TES sensors optimization

HOLMES will use TES based microcalorimeters adapted from use in high-resolution soft X-ray
spectroscopy to this specific application. The single pixel will be Molybdenum-Copper bilayer
TES on SiN membrane with 2 µm-thick gold absorbers, which ensures a 99.99998% (99.9277%)
probability of stopping the electrons (photons) coming from the decay of 163Ho. Development of the
single TES pixel design may continue, but a suitable protype has already been identified and proven.
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HOLMES design & timeline:

• 6.5 x 1013 nuclei 163Ho (~300 Bq) per pixel  

• ΔE ~ 1 eV, "rise~ 1 µs;  
1000-pix array operation expected for 2018 

• TES array + DAQ ready, first implant. coming up 
• Spectrum measurements to begin in late 2017 

• 32 pixels for 1 month → mν sensitivity ~10 eV
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• Fast rise time (~130 ns) and excellent 
linearity & resolution (ΔEFWHM < 5 eV) 

• Production: 162Er(n,#)163Ho at ILL (Grenoble) 
implantation at ISOLDE-CERN & RISIKO 

• Multiplexed readout of MMC arrays

Technology

paramagnetic  
sensor (Au:Er)

absorber source
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• Fast rise time (~130 ns) and excellent 
linearity & resolution (ΔEFWHM < 5 eV) 

• Production: 162Er(n,#)163Ho at ILL (Grenoble) 
implantation at ISOLDE-CERN & RISIKO 

• Multiplexed readout of MMC arrays

Technology

paramagnetic  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Precision  
163Ho spectrum
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new 64-pix detectors 
optimised for implantation 
proof of multiplexed readout 
first underground meas.

64-pix chip

16-ch SQUID MUX

new cryostat  
at Uni HD
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Independent  
determination  

of QEC
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: Timeline

Chip fabrication for multiplexed MMC arrays
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• ECHo-1k (2015-2018) 
- prove scalability with medium-sized array 
- 1 yr meas. time for Nevent~1010:  
  ➜ m(νe) < 10 eV  
 

• Next step: ECHo-10M  
- large-scale detector array for sub-eV sensitivity 
- sterile neutrino search at eV and keV scale

Total statistics Nevent

m
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Impact of higher-order excitations  
on 163Ho EC spectrum

- Starts taking data now 

- New limit on m(νe) is 
approaching
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Direct ν-mass determination: status and outlook

current achievements next goals
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Direct ν-mass determination: status and outlook

current achievements next goals

Full beamline commissioning with 
83mKr; start of T2 data in 2018

Long-term data-taking for full 
sensitivity (0.2 eV)

KATRIN

Develop CRES for 10 → 2 eV, 
and towards IH (atomic source)

CRES proof of principle with 83mKr, 
testing new cell for T2

Project 8 



K. Valerius: Direct ν-mass measurements

Devise large-scale experiment 
to tackle m(ν) and CνB

R&D for atomic source concept, 
MAC-E + calorimeter

PTOLEMY

27

Direct ν-mass determination: status and outlook

current achievements next goals

Full beamline commissioning with 
83mKr; start of T2 data in 2018

Long-term data-taking for full 
sensitivity (0.2 eV)

KATRIN

Develop CRES for 10 → 2 eV, 
and towards IH (atomic source)

CRES proof of principle with 83mKr, 
testing new cell for T2

Project 8 



K. Valerius: Direct ν-mass measurements

Devise large-scale experiment 
to tackle m(ν) and CνB

R&D for atomic source concept, 
MAC-E + calorimeter

PTOLEMY

27

Direct ν-mass determination: status and outlook

current achievements next goals

Full beamline commissioning with 
83mKr; start of T2 data in 2018

Long-term data-taking for full 
sensitivity (0.2 eV)

KATRIN

Develop CRES for 10 → 2 eV, 
and towards IH (atomic source)

CRES proof of principle with 83mKr, 
testing new cell for T2

Project 8 

• Advanced detector development 
(MMC and TES technologies) 

• Test of scalable arrays 
• High-purity 163Ho production  

and implantation

• Operate medium-size arrays 
(~1010 counts) for 10 eV sens. 

• Prepare large arrays 
(~1014 counts) for sub-eV sens.

ECHo 
HOLMES 
NuMECS
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Supplementing 
slides
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Search for eV-scale sterile ν in 3H and 163Ho expts.
8

CL confidence level in the sin2 2#ee–�m2
41 plane using

the relation:

�2
j (sin

2 2#ee,�m2
41)  (�2

j )min +��2(CL), (19)

where (�2
j )min is the minimum of �2

j (sin
2 2#ee,�m2

41)
and ��2(CL) = 4.61, 6.18, 11.83 for CL =
90%, 95.45%, 99.73%, respectively. We calculate
the region of sensitivity in the sin2 2#ee–�m2

41 plane as
the set of points which are not allowed by the inequality
(19) in at least 50% of the simulations (see the discussion
on the definition of sensitivity in Section IV).

The results are presented in Fig. 6, where we plot-
ted the sensitivity curves for Nev = 1014, 1016, 1017 and
1018, considering Q = 2.833 keV, �EFWHM = 2 eV and
fpp = 10�6. From Fig. 6 one can see that the sensitiv-
ity to �m2

41 worsens decreasing sin2 2#ee. Indeed, for
small values of sin2 2#ee we have |Ue4|2 ' sin2 2#ee/4
and the contribution of m2

4 ' �m2
41 to the spectrum

(18) is suppressed. On the other hand, the sensitivity
to m2

4 ' �m2
41 for sin2 2#ee = 1 is only slightly worse

of that for m2
⌫ in the three-neutrino mixing case dis-

cussed in Section IV, because sin2 2#ee = 1 corresponds
to |Ue4|2 = 1/2.

In Fig. 6 we also depicted the region allowed at 95.45%
C.L. by a global fit of short-baseline neutrino oscillation
data [18, 126] and the 95.45% C.L. allowed regions ob-
tained by restricting the analysis to the data of ⌫e and ⌫̄e
disappearance experiments [13, 130], taking into account
the Mainz [131] and Troitsk [132, 133] bounds. These
last regions are interesting because it is possible that the
disappearance of ⌫e and ⌫̄e indicated by the reactor and
Gallium anomalies will be confirmed by the future exper-
iments whereas the LSND anomaly will not.

From Fig. 6 one can see that the ⌫e and ⌫̄e disap-
pearance region is wider than the globally allowed re-
gion and extends to values of �m2

41 as large as about 80
eV2. Hence, it can be partially explored by the ECHo-
1M experiment, which is expected to have a statistics of
Nev ' 1014.

Figure 6 shows that in order to explore the region
which is allowed by the global fit of short-baseline neu-
trino oscillation data it will be necessary to make a 163Ho
experiment with a statistics Nev & 1016. One can also see
that an 163Ho experiment with this statistics will be com-
petitive with the KATRIN experiment [89], a result that
is consistent with that for the sensitivity on m⌫ in the
standard framework of three-neutrino mixing discussed
at the end of Section IV.

Figure 6 also shows that the exploration of the small-
�m2

41 regions allowed by the ⌫e and ⌫̄e disappearance
data will require a statistics as high as Nev ⇡ 1018.

VI. CONCLUSIONS

In this paper we presented the results of an analy-
sis of the sensitivity of 163Ho experiments to neutrino

FIG. 6. Estimated sensitivity curves at 90% C.L. (red),
95.45% C.L. (dashed blue) and 99.73% C.L. (dash-dotted
green) in the sin2 2#ee–�m2

41 plane in the case of 3+1 neu-
trino mixing for Nev = 1014, 1016, 1017 and 1018. We used
Nsim = 100 simulations generated with Q = 2.833 keV,
�EFWHM = 2 eV, fpp = 10�6 and B = 0. The black curve
encloses the region allowed at 95.45% C.L. by a global fit of
short-baseline neutrino oscillation data [18, 126]. The gray
curves enclose the 95.45% C.L. allowed regions obtained by
restricting the analysis to the data of ⌫e and ⌫̄e disappearance
experiments [13, 130], taking into account the Mainz [131] and
Troitsk [132, 133] bounds. Also shown is the expected 95%
C.L. sensitivity of the KATRIN experiment [89].

masses considering first the e↵ective neutrino mass m⌫

in the standard framework of three-neutrino mixing (see
Eq. (7)) and then an additional mass m4 at the eV scale
in the framework of 3+1 neutrino mixing with a sterile
neutrino. We considered the experimental setups corre-
sponding to the two planned stages of the ECHo project,
ECHo-1k and ECHo-1M [94, 95].
We found that the ECHo-1k experiment can reach a

sensitivity tom⌫ of about 6.5 eV at 2� with a total statis-
tics of Nev ' 1010, an energy resolution�EFWHM ' 5 eV
and a pileup fraction fpp ' 10�6. Although this sensitiv-
ity is still not competitive with that of tritium-decay ex-
periments, it will represent an improvement of more than
one order of magnitude with respect to the current limit
m⌫ < 225 eV at 2� [108] obtained with a 163Ho electron
capture experiment. We also found that the ECHo-1k
experiment will not allow to put more stringent limits on
the mass and mixing of ⌫4 than those already obtained
in the Mainz [131] and Troitsk [132, 133] experiments.

According to our estimation, the second stage of the
ECHo project, ECHo-1M, can reach a sensitivity to m⌫

of about 0.7 eV at 2� with Nev ' 1014, �EFWHM ' 2 eV
and fpp ' 10�6. This result will narrow the gap between
the sensitivities of tritium-decay experiments and 163Ho
electron capture experiments. Indeed, 0.7 eV is smaller
than the current upper limit of about 2 eV at 2� obtained
in the Mainz [103] and Troitsk [104] experiments and it

[L. Gastaldo, C. Giunti, E. Zavanin,  
JHEP 06 (2016) 061]

ECHo

reactor anomaly 
combined fit  

90% CL

KATRIN 
90% CL

[M. Kleesiek, PhD thesis (KIT, 2014)]

Tritium: KATRIN Holmium: ECHo

Prelim
inary

See also: Formaggio & Barrett, PL B706 (2011) 68;  
Sejersen Riis & Hannestad, JCAP02 (2011) 011; 
Esmaili & Peres, PR D85 (2012) 117301

Sterile ν + non-standard weak interactions (e.g. RH currents):  
O. Ludl & W. Rodejohann, JHEP 06 (2016) 040; 
N. Steinbrink, S. Hannestad et al., JCAP 06 (2017) 015
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Sensitivity and background

• Further background 
reduction measures 
under investigation 

• In addition: several 
mitigation strategies

- flux tube compression 
by increasing B TDR	2004 

optimized	for	 
10	mcps

558	mcps 
non-optimized

- optimized scanning 
- energy range of 

spectral analysis

~290	meV

TDR	2004 
optimized	for	 
10	mcps

558	mcps 
non-optimized

~240	meV	
 
ΔE	~	2.5	eV

preliminary

0.38	mT	
0.50	mT	
0.80	mT
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d Ṅ
d E

= cos2θs
d Ṅ
d E

(ma
2) + sin2θs

d Ṅ
d E

(ms
2)

32

Imprint of sterile neutrinos on β spectrum

Shape modification below E0 by active (ma)2 and sterile (ms)2 neutrinos:

additional kink in β spectrum 
at E = E0 – ms

light sterile ν,	ms = 3 eV keV sterile ν,	ms = 10 keV
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Search for keV-scale sterile ν with direct mass 
experiments

• First measurements with KATRIN “baseline” set-up at reduced source strength 
• Prototyping and sensitivity studies for upgraded detector system under way  
• Sensitivity of holmium experiments restricted by low Q-value (2.8 keV)

 

Susanne'Mertens

Detector0R&D0strategy0(TRISTAN)

16

• Goal:'combine'drift'ring'(SDD)'
technology'with'thin'deadlayer

(~10'nm)

• Si/detector'development:

– Halbleiterlabor of'the'Max/Planck'
society'(expert'on'drift'ring)

– Lawrence'Berkeley'National'

Laboratory'(expert'on'deadlayer)

• Low'noise'front/end'electronics

– CEA,'Saclay (see'talk'by'Marc'and'
next'talk)

– IPE@KIT'(thanks'to'I.'Peric,'R.'
Blanco,'R.'Leys,'M.'Weber)

• Test'setup'at'KIT'

HLL'detector'

LBNL'
detector'

KIT'read/out

CEA'read/out

Prelim
inary

courtesy S. Mertens & L. Gastaldo

KATRIN	(only	stat)

ECHo-1M	(only	stat)

KATRIN	(low	stat)

See also recent results from Troitsk exp. 
(ms ~0.1 … 2 keV): 
Abdurashitov et al., JETP Lett. 105 (2017) 753
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Search for keV-scale sterile ν with KATRIN

*) TRitium beta decay Investigation on Sterile To Active Neutrino mixing

The challenge: 
- High count rates at ~few keV below endpoint 
- Tiny sterile admixture sin2(θs) expected 
- Best sensitivity for differential measurement (energy or ToF) 
➡ Development of new techniques necessary!

Differential detection option:  
novel detector required 
TRISTAN* design study: 
• 108 cps (> 10 000 pixels) 
• FWHM 300 eV @ 20 keV 
• > 20 cm diameter

[Mertens et al. (2015)]

ToF option:  
electron tagger required

Susanne Mertens 

Technical Realization 

53 

1010 cps 

1.  Energy resolving detector 
→ Differential measurement 

2.  Counting detector 
→ Integral measurement 

3.  Time of Flight  
→ Differential measurement 
in small energy window 

[Steinbrink et al. (2013), Robertson et al. (in prep.)]
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KATRIN: 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 
characterisation of components

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


