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… and a more complicated one
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Sines and cosines of mixing angles
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… and a more complicated one

CP-violating phase changes sign for 
antineutrinos
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�How to measure a neutrino’s mass

Neutrinoless double-beta decay
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After the break!

Cosmology

Yvonne Wong’s talk

Supernova time-of-
flight measurements

β decay (tritium) Electron capture
Weak interaction kinematics
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Supernova time-of-flight measurements

Spotted  

Supernova!

SN1987A - European 
Southern Observatory
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Supernova time-of-flight measurements

Neutrinos! 

2-3 hours before the light

• Neutrinos emitted at core collapse; 
visible light only transmitted once 
shockwave reaches star’s surface

Kamiokande II:
12 ν̄e

IMB: 8 ν̄e

Baksan:5 ν̄e
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Emitted neutrino 
time and energy 

spectrum 
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Modelling supernova time-of-flight measurements T Laredo et al,Phys.Rev. D65 (2002) 063002

Neutrino emission Propagation to Earth Detection probability

• Main mechanism:

• Event rate depends on 
interaction cross section & 
positron detection efficiency 

• Depends on energy & detector 
design

⌫̄e + p ! e+ + n
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Modelling supernova time-of-flight measurements T Laredo et al,Phys.Rev. D65 (2002) 063002

Neutrino emission Propagation to Earth Detection probability

Probability density of ν̄e mass given model and data

95% probability mass 
is below this limit

Cooling + accretion model 
hundreds of times more likely

Dashed line is cooling-only model 
- poor fit to data shapes

mν̄e < 5.7 eVZero mass not 
ruled out
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Back to basics - looking at beta decay

e-

νē
β decay

Qβ = ( M [Z,A] - Z me ) - ( M [Z+1,A] - (Z+1) me ] + me )

[Atomic number, 
mass] = [Z, A]

[Atomic number, 
mass] = [Z+1 ,A]

Mass of nucleus = mass of 
atom - mass of electrons

  

Daughter nucleus + 
 β electron

Available energy (from 
mass difference) ≡ Qβ
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Tritium: 3H

• Simple structure (1 proton, 2 
neutrons) means few nuclear effects

• Super-allowed decay = high activity: 
T1/2 = 12.3 years

• Low energy:  Qβ = 18.6 keV makes it 
sensitive to neutrino mass

e-

νē1H3 1He3

Spectral distortion depends on an 
effective “electron neutrino mass” 
depending on PMNS matrix

m2(⌫e) =
3X

i=1

|Uei|2m2
i
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The tritium electron energy spectrum in more detail

Phys. Rev. C 91, 035505
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The tritium electron energy spectrum in more detail

Phys. Rev. C 91, 035505
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Constant GF is Fermi constant 
θc is Cabibbo angle
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The tritium electron energy spectrum in more detail

Phys. Rev. C 91, 035505

Nuclear matrix element is maximal 
because 3H and 3He are mirror 
nuclei

1H3 1He3
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D Parno, Neutrino 2018
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KATRIN: Karlsruhe Tritium Neutrino Experiment

D Parno, Neutrino 2018

Gaseous  
T2 source
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D Parno, Neutrino 2018

10 metres
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The Windowless, Gaseous Tritium Source

D Parno, Neutrino 2018

10 metres

Two-phase Ne cooling: Cryogenics 49 (2009) 413  

Temperature: 30 Kelvin
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The Windowless, Gaseous Tritium Source

D Parno, Neutrino 2018

10 metres
β electrons guided out 
of the end of the tube

Temperature: 30 Kelvin
Activity: 100 GBq

• Closed tritium cycle delivering 40g of T2 per day 
• 9.9 X 1010  decays per second 
• Electrons guided out of ends of tube by 3.6 T magnetic field 
• Reduced gas density along tube protects against scattering 

and energy loss
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The Windowless, Gaseous Tritium Source

D Parno, Neutrino 2018

10 metres
β electrons guided out 
of the end of the tube

Isotopic Purity: 95% molecular tritium

Temperature: 30 Kelvin

Laser Raman Spectroscopy monitors 
isotopic content to 0.1% precision

Activity: 100 GBq
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KATRIN source: molecular tritium

Rotation

Vibration

Translation+Constant
Fermi 
function

Electron 
momentum and 
energy

Matrix 
element

Energy conservation step function

Neutrino energy and momentum

Remember this?
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KATRIN source: molecular tritium

Rotation

Vibration

Translation+

⇥⇥(Emax � Ee � Vk �m⌫i)
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Probability of excited 
daughter state

Sum over neutrino mass 
states i and excited states 
of daughter k

Energy of daughter state
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KATRIN source: molecular tritium

Rotation

Vibration

Translation+

Phys. Rev. Lett. 84, 242 (2000).

Phys. Rev. Lett. 55, 1388 (1985)

Calculated final-state molecular spectrum

2000 calculation

1985 calculation

⇥⇥(Emax � Ee � Vk �m⌫i)
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Tritium Recoil-Ion Mass Spectrometer

https://www.npl.washington.edu/TRIMS

Energy and time of flight 
separate final states so branching 
ratio can be calculated
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Time of flight

(HT decays)

HT or T2 gas at 10-7 mbar

Lchamber

ΔDion

Vchamber
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Tritium Recoil-Ion Mass Spectrometer

https://www.npl.washington.edu/TRIMS

Energy and time of flight 
separate final states so branching 
ratio can be calculated

En
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gy

Time of flight

(HT decays)

HT or T2 gas at 10-7 mbar

Lchamber

ΔDion
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KATRIN: Karlsruhe Tritium Neutrino Experiment

D Parno, Neutrino 2018
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WGTS Differential Pumping Section Cryogenic Pumping SectionCalibration
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Electron transport and tritium removal

Electrons are guided adiabatically towards the spectrometers…
… while any remaining tritium is suppressed by a factor of 109

WGTS Differential Pumping Section Cryogenic Pumping SectionCalibration
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Electron transport and tritium removal
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WGTS Differential Pumping Section Cryogenic Pumping Section

• Five 1-metre tubes with 20 degree tilt to block line of sight 
for neutral molecules 

Calibration
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Electron transport and tritium removal

Differential Pumping 
Section

WGTS Differential Pumping Section Cryogenic Pumping Section

• Five 1-metre tubes with 20 degree tilt to block line of sight 
for neutral molecules 

• Turbo-molecular pumps reduce tritium flow by 2.5x104

Calibration
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Electron transport and tritium removal

Differential Pumping 
Section

WGTS Differential Pumping Section Cryogenic Pumping Section

• Five 1-metre tubes with 20 degree tilt to block line of sight 
for neutral molecules  

• Turbo-molecular pumps reduce tritium flow by 2.5x104 
• Dipole electrodes and Fourier-transform ion cyclotron 

resonators remove positive ions

Calibration
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Electron transport and tritium removal

WGTS Differential Pumping Section Cryogenic Pumping Section

Cryogenic pumping section

• Beam pipe coated with argon frost 
• Remaining tritium is trapped by cryo-sorption 
• After 60 days, surface is saturated - heat to 100 K to release 

tritium and pump it away 
• Tritium suppressed by 12 orders of magnitude relative to 

source inlet 

Calibration
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KATRIN: Karlsruhe Tritium Neutrino Experiment

D Parno, Neutrino 2018
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KATRIN’s superpower - the MAC-E filter

https://www.katrin.kit.edu/ Kleesiek et al., arXiv:1806.00369  
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Magnetic
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KATRIN’s superpower - the MAC-E filter

https://www.katrin.kit.edu/

Magnetic Adiabatic

Kleesiek et al., arXiv:1806.00369  
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KATRIN’s superpower - the MAC-E filter

https://www.katrin.kit.edu/

Magnetic Collimation with anAdiabatic Electrostatic Filter

• Two superconducting solenoids produce a guiding 
field B. 

• Any forward-going β electrons from the tritium 
source are guided in cyclotron motion along the B-
field lines, towards the detector, giving angular 
acceptance ~ 2π. 

Kleesiek et al., arXiv:1806.00369  
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KATRIN’s superpower - the MAC-E filter

https://www.katrin.kit.edu/

Magnetic Collimation with anAdiabatic Electrostatic Filter

• The magnetic field varies through the spectrometer - 
strongest at the solenoids near source and detector, 
orders of magnitude weaker in the middle. 

• Cyclotron motion is transformed to longitudinal motion in 
the middle of the spectrometer : isotropic β electrons 
become parallel electron beam 

• The slow variation of field means transformation is 
adiabatic: constant magnetic moment 

µ =
E?
B

= const
<latexit sha1_base64="4B0Uk5zpwKatKrwY9DUIi2cncEk="></latexit>

Kleesiek et al., arXiv:1806.00369  
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KATRIN’s superpower - the MAC-E filter

https://www.katrin.kit.edu/

Magnetic Collimation with anAdiabatic Electrostatic Filter

• Cylindrical electrodes create an electrostatic potential 
• This acts in the opposite direction from the electron 

beam 
• Only the highest energy electrons can pass through 

the electrostatic barrier 

eU0
Slow electrons 
stopped by barrier

E > eU0

Fast electrons 
can pass

Kleesiek et al., arXiv:1806.00369  
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KATRIN’s superpower - the MAC-E filter

https://www.katrin.kit.edu/

Magnetic Collimation with anAdiabatic Electrostatic Filter

�E

E
=

Bmin

Bmax
<latexit sha1_base64="grtUoY7fsW06sjfq8AGAWcZPyBc="></latexit>

• Surviving electrons are re-accelerated and collimated 
on the detector 

• By measuring the count that make it through the high-
pass energy filter at different electrostatic potentials, 
we can measure an integrated electron energy 
spectrum. 

• Sharpness of filter given by  

Kleesiek et al., arXiv:1806.00369  
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Fields in the MAC-E filter

(1 Tesla = 104 Gauss)
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KATRIN’s spectrometer: 2006 vacation pics

• 10 metres wide, 200 tons 
• Half a mile of specialist welding at Deggendorf 
• Destination: Karlsruhe

Photos from symmetry magazine

Karlsruhe

Deggendorf
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KATRIN’s spectrometer: 2006 vacation pics

Sandbox Studio Chicago

Deggendorf
Karlsruhe

• 10 metres wide, 200 tons 
• Half a mile of specialist welding at Deggendorf 
• Destination: Karlsruhe

Photos from symmetry magazine
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KATRIN’s spectrometer: 2006 vacation pics

Sandbox Studio Chicago

Deggendorf
Karlsruhe

• 10 metres wide, 200 tons 
• Half a mile of specialist welding at Deggendorf 
• Destination: Karlsruhe

symmetry magazine

I'm on a boat!

Photos from symmetry magazine
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KATRIN’s spectrometer: 2006 vacation pics

Sandbox Studio Chicago

Deggendorf
Karlsruhe

• 10 metres wide, 200 tons 
• Half a mile of specialist welding at Deggendorf 
• Destination: Karlsruhe

Mind your 
 head!

Photos from symmetry magazine
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KATRIN’s spectrometer: 2006 vacation pics

Sandbox Studio Chicago

Deggendorf
Karlsruhe

• 10 metres wide, 200 tons 
• Half a mile of specialist welding at Deggendorf 
• Destination: Karlsruhe

Getting picked up at the docks

Photos from symmetry magazine
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KATRIN’s spectrometer: 2006 vacation pics

Sandbox Studio Chicago

Deggendorf
Karlsruhe

• 10 metres wide, 200 tons 
• Half a mile of specialist welding at Deggendorf 
• Destination: Karlsruhe

Leopoldshafen, are you ready?

Photos from symmetry magazine
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KATRIN: Karlsruhe Tritium Neutrino Experiment

D Parno, Neutrino 2018
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Focal-plane detector system

Multi-pixel silicon PIN diode array with high energy 
resolution and thin entrance window, in second of two 
superconducting magnets 

Radial position  is affected by the 
shape of the electrostatic potential - 

use this to calibrate

Backgrounds can also be position-
dependent e.g. cosmics (but energy is key 

discriminiator)

Use position data to 
map source shape

KATRIN design report 2004 FZKA-7090
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Measuring the neutrino mass

Simultaneous fit of integrated spectrum for 4 parameters:

Spectrum amplitude Asig 

Endpoint energy E0

Background rate RBg should be independent of retarding potential

Asig

E0

RBg

mν2

Squared neutrino mass mν2 affects the shape
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Backgrounds - and how KATRIN avoids them
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Backgrounds - and how KATRIN avoids them

Cosmic muons μ

Problem

Fixed by

Can produce secondary electrons

Magnetic shielding by electron-guiding field
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Backgrounds - and how KATRIN avoids them

Radon in components

Cosmic muons

Problem

Fixed by

Electrons from decay chain get trapped in spectrometer & generate secondaries

Baffle to clean radon from main source (“NEG” pump)
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Backgrounds - and how KATRIN avoids them

Radon in components

External radioactivity

Cosmic muons

γ

Problem

Fixed by

Gammas from 40K outside spectrometer

Spectrometer shielding
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Backgrounds - and how KATRIN avoids them

Radon in components

External radioactivity

Penning discharge

Cosmic muons

Problem

Fixed by

Ionization at entrance to spectrometer where fields are strong

Careful electrode design



Cheryl Patrick, UCL Direct neutrino mass measurements �24

Backgrounds - and how KATRIN avoids them

Radon in components

External radioactivity

Penning discharge

Internal 210Pb decays

Cosmic muons

Problem

Fixed by

Decay products include Rydberg atoms, which are ionised by thermal radiation

Biggest background - not affected by shielding
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Backgrounds - and how KATRIN avoids them

Radon in components

External radioactivity

Penning discharge

Internal 210Pb decays

Detector backgrounds

Cosmic muons

γ

Problem

Fixed by

Electrons from sources other than the spectrometer

Lead and copper shielding; scintillator veto for cosmics
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Sources of systematic uncertainty

Source gas dynamics

Field homogeneity in 
the analyzing plane

β decay model and final 
state ion distributions

β-electron scattering and energy loss

High voltage stability and calibration

Systematic uncertainties > statistical 
uncertainties after 3 beam years (5 

calendar years)
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Testing KATRIN - 83mKr spectroscopy in July 2017
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Testing KATRIN - 83mKr spectroscopy in July 2017
• Energy scans 
• Hardware testing/commissioning 
• Test of data acquisition/analysis pipeline 
• System characterization (e.g. confirm sub-eV resolution) 
• Calibration
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Testing KATRIN - 83mKr spectroscopy in July 2017
• Energy scans 
• Hardware testing/commissioning 
• Test of data acquisition/analysis pipeline 
• System characterization (e.g. confirm sub-eV resolution) 
• Calibration

Energy (eV)

Remember it’s an 
integrating 
spectrometer!

EPJ C 78 368 (2018)  

JINST 13 P04020 (2018)  

Real data from KATRIN!
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First tritium data June 2018

Test with D2 at 90% nominal density, with 0.5% T atoms

χ2/dof = 15.0/14 

Asig

E0

RBg

First measurement of tritium spectrum

Fitted for 
Activity Asig Endpoint energy E0

Background rate RBg
arXiv:1906.10168
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KATRIN Timeline

June 5th–18th, 2018 First Tritium run: 81 hours of data

March-May 2019 “KNM1” with higher tritium concentration. 
First data usable for neutrino mass measurement

2020 Plan to start 3-year run at nominal settings

2025 Analysis becomes systematics limited. 
Should reach design sensitivity 0.2eV.

arXiv:1906.10168 [nucl-ex]

�27

First tritium data June 2018

Test with D2 at 90% nominal density, with 0.5% T atoms

χ2/dof = 15.0/14 

Asig

E0

RBg

First measurement of tritium spectrum

Fitted for 
Activity Asig Endpoint energy E0

Background rate RBg
arXiv:1906.10168



Discovery potential - if KATRIN measures a non-zero massSensitivity - if KATRIN measures zero mass

Jargon: sensitivity
The upper limit on the measured value (neutrino mass) if the mass 

is measured to be zero. Typically quoted with 90% confidence.

Cheryl Patrick, UCL �28Direct neutrino mass measurements

Sensitivity and discovery potential

mν  = 0.35 eV at 5σ significance
mν  = 0.3 eV at 3σ significance

Systematic uncertainties > statistical uncertainties after 3 years (5 calendar years)

mν  < 0.24 eV at 90% confidence
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Challenges for future MAC-E experiments

Spectrometer already as 
big as is practical - can't 
improve resolution

Molecular final state 
excitations / vibrations 
set ultimate T2 limit

Integrated β spectrum means 
throwing away spectrum 
information
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Challenges for future MAC-E experiments

Spectrometer already as 
big as is practical - can't 
improve resolution

Molecular final state 
excitations / vibrations 
set ultimate T2 limit

Integrated β spectrum means 
throwing away spectrum 
information
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Cyclotron Radiation Emission Spectroscopy

Arthur Schawlow
“Never measure anything 

but frequency!”
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Cyclotron Radiation Emission Spectroscopy

B⃑

B⃑

Trapped low-temperature tritium atoms in uniform magnetic field

J. Formaggio and B. Monreal, Phys. Rev D 80:051301 (2009)
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Cyclotron Radiation Emission Spectroscopy

B⃑

B⃑
e-

Trapped low-temperature tritium atoms in uniform magnetic field

β-decay electrons exhibit cyclotron motion around the field 

J. Formaggio and B. Monreal, Phys. Rev D 80:051301 (2009)
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Cyclotron Radiation Emission Spectroscopy

B⃑

B⃑
e-

Trapped low-temperature tritium atoms in uniform magnetic field

β-decay electrons exhibit cyclotron motion around the field 

Cyclotron frequency
Electron kinetic energy

J. Formaggio and B. Monreal, Phys. Rev D 80:051301 (2009)

The spiralling electrons emit cyclotron radiation

γ γ

γ
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Cyclotron Radiation Emission Spectroscopy

B⃑

B⃑
e-

Trapped low-temperature tritium atoms in uniform magnetic field

β-decay electrons exhibit cyclotron motion around the field 

J. Formaggio and B. Monreal, Phys. Rev D 80:051301 (2009)

The spiralling electrons emit cyclotron radiation

γ γ

γ

Measure gamma frequency to reconstruct electron energy
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Project 8 by the numbers

or tritium  
atoms
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Project 8 by the numbers

Magnetic field: ~ 1 Tesla

Cyclotron frequency range 25-26.5 GHz 
(microwave)

Tritium endpoint 18.6 keV 
(0 - 30keV for 83mKr spectrum)
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Project 8 by the numbers

Magnetic field: ~ 1 Tesla

Cyclotron frequency range 25-26.5 GHz 
(microwave)

Tritium endpoint 18.6 keV 
(0 - 30keV for 83mKr spectrum)

Power in femtowatt range

Larmor formula

B⃑

p⃑e

θ
Depends on 
transverse 
momentum

P (�, ✓) =
1

4⇡✏0

2

3

e4

m2
e

B2(�2 � 1) sin2 ✓
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e4
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e
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e + 2Kemec

2) sin2 ✓
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P (18.6 keV, 1T, 90°) = 1fW
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Project 8 by the numbers

Magnetic field: ~ 1 Tesla

Cyclotron frequency range 25-26.5 GHz 
(microwave)

Tritium endpoint 18.6 keV 
(0 - 30keV for 83mKr spectrum)

Power in femtowatt range

Gas volume 10m3 (final phase)
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Project 8 by the numbers

Magnetic field: ~ 1 Tesla

Cyclotron frequency range 25-26.5 GHz 
(microwave)

Tritium endpoint 18.6 keV 
(0 - 30keV for 83mKr spectrum)

Power in femtowatt range

Gas volume 10m3 (final phase)

Projected mν sensitivity 40 meV
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Project 8 phase I (2015-16) - demonstrate CRES with 83mKr

Phys. Rev. Lett. 114, 162501 (2015)
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Project 8 phase I (2015-16) - demonstrate CRES with 83mKr

Frequency of the first 
gamma is emitted - 
corresponds to 30keV 
83mKr electron

Steady (1fW) energy loss due to cyclotron radiation

Phys. Rev. Lett. 114, 162501 (2015)
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Project 8 phase I (2015-16) - demonstrate CRES with 83mKr

Frequency of the first 
gamma is emitted - 
corresponds to 30keV 
83mKr electron

Steady (1fW) energy loss due to cyclotron radiation

Collisions with 
residual gas - 
typically 14 eV

Natural line widths: 1.84 &1.4 eV; Observed FWHM 3.3 eV 
Separation is 52.8 eV 

Region of interest near the 30.4 keV lines 
(bins are 0.5 eV wide) 

30.4 keV 83mKr lines resolved with 
FWHM 3.3 eV (actual widths 1.84 & 1.4 
eV)

JPhysG 44 (2017) 5

Phys. Rev. Lett. 114, 162501 (2015)
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�Project 8 phase II (2015-18) - molecular tritium

Project 8, phase II

Tritium!
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First tritium events!

The very first tritium event 

417 tritium events recorded

W Pettus, APS/JPS 2018, Waikoloa, HI

Tritium 
endpoint

Shape matches 
prediction
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Project 8 phase III (R&D phase)- large volume detector with T2

• 1 T CRES field (MRI magnet)

P Slocum, APS/JPS 2018, Waikoloa, HI
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Project 8 phase III (R&D phase)- large volume detector with T2

• 200cm3 gas volume 
• No waveguide 
• Electrons radiate into free space 
• Phased array of waveguide antenna 

elements

• 1 T CRES field (MRI magnet)

P Slocum, APS/JPS 2018, Waikoloa, HI
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Project 8 phase III (R&D phase)- large volume detector with T2

• 200cm3 gas volume 
• No waveguide 
• Electrons radiate into free space 
• Phased array of waveguide antenna 

elements

• Electron energy resolution 1eV 
• Sensitivity mν < 2 eV

• Efficiency 10%

• 1 T CRES field (MRI magnet)

P Slocum, APS/JPS 2018, Waikoloa, HI
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Phase IV (R&D): atomic tritium
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Phase IV (R&D): atomic tritium

Cracker

2500K

• Disassociate tritium gas into atoms in tungsten tube 
• 1017 atoms / second 
• Atomic fraction > 90%

Deuterium Cracker test stand
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Phase IV (R&D): atomic tritium

Cracker

2500K Accommodator

4K

160K

Nozzle

Cool atoms to 160 K on collisions with aluminum 
then to 4K on a frozen deuterium film

Deuterium Cracker test stand
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Phase IV (R&D): atomic tritium

Cracker

2500K Accommodator

4K

160K

Nozzle

Magnetic lens removes hot atoms 
and residual molecules

Cold atoms 
get through

Hot atoms 
removed

Velocity selector
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Phase IV (R&D): atomic tritium

Cracker

2500K Accommodator

4K

160K

Nozzle

Velocity selector
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step 
cooling
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Phase IV (R&D): atomic tritium

Cracker

2500K Accommodator

4K

160K

Nozzle

Velocity selector
Magnetic 
step 
cooling

T atoms trapped in potential well (Ioffe trap) due to magnetic moment 
T2 molecules freeze to walls
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Phased approach

JPhysG 44 (2017) 5
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Electron-capture on holmium-163
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Electron-capture on holmium-163

What on Earth is holmium?
• Rare earth metal, with highest magnetic moment of all 

elements
• Named for the city Stockholm
• Used to colour cubic zirconia, in lasers, as a neutron 

absorber in nuclear reactors, and in MRI machines
• Only one natural, stable isotope, 165Ho

Per Teodor Cleve 
discovered holmium

67 
Ho

164.93
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Electron-capture on holmium-163

163Ho decays via electron capture to 163Dy with half-life 4570 years

What on Earth is holmium?
• Rare earth metal, with highest magnetic moment of all 

elements
• Named for the city Stockholm
• Used to colour cubic zirconia, in lasers, as a neutron 

absorber in nuclear reactors, and in MRI machines
• Only one natural, stable isotope, 165Ho

Per Teodor Cleve 
discovered holmium

67 
Ho

164.93
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Why 163Ho?

“The relation between experimentalists and theorists is often one of 
healthy competition for truth and less healthy competition for fame.”

“Science is what we do when we don't know what we're doing.”

Álvaro de Rújula
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Why 163Ho?

The proximity of the spectral endpoint to an atomic resonance makes the 
fraction of events that are sensitive to a non-zero neutrino mass superior in 
163Ho decay than in tritium decay. Physics Letters B Volume 118, Issues 4–6, 9 December 1982, Pages 429-434 
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“Science is what we do when we don't know what we're doing.”

Álvaro de Rújula
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Why 163Ho?

The proximity of the spectral endpoint to an atomic resonance makes the 
fraction of events that are sensitive to a non-zero neutrino mass superior in 
163Ho decay than in tritium decay. Physics Letters B Volume 118, Issues 4–6, 9 December 1982, Pages 429-434 
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Energy spectrum

Total calorimetric energy

Eur Phys J C Part Fields. 2015; 75(3): 112
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Neutrino energy Neutrino momentum
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Parameters of ionization spectral lines

Eur Phys J C Part Fields. 2015; 75(3): 112
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(c.f. tritium 18.6 keV)

Enhancement near 
endpoint = even better 
chance of seeing 
neutrino mass effects

Low Q value increases neutrino mass 
effects ( end point rate ~ 1 / Q3) Eur Phys J C Part Fields. 2015; 75(3): 112
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Lowest known Q-value 
(c.f. tritium 18.6 keV)

Enhancement near 
endpoint = even better 
chance of seeing 
neutrino mass effects

Low Q value increases neutrino mass 
effects ( end point rate ~ 1 / Q3) Eur Phys J C Part Fields. 2015; 75(3): 112
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The question of Q

PRL115,062501 (2015)

sensitivity 
depends 
on Q value

number 
of events 
observed

Accepted Q-value

Proportional counter 
and storage ring 
measurements 
averaged to give 
accepted value

Electron capture 
spectrum results 
disagree with 
accepted value
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Enter SHIPTRAP - Penning ion trapping facility

Look for mass difference by measuring the 
cyclotron-frequency ratio of 163Ho and 

163Dy ions 

163
Ho+ e

� !163
Dy + ⌫e
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ion mass 

⌫c =
qB

2⇡m
= ⌫� + ⌫+
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magnetron frequency

modified cyclotron 
frequency 

 163Ho QEC-value determination 

m
qB

mmQ

c =

−=

ν

)Dy()Ho( 163163
EC

QEC = (2.858 ± 0.010stat ± 0.05syst) keV 

QEC = (2.833 ± 0.030stat ± 0.015syst) keV 

Perfect agreement with QEC from 163Ho spectrum (♣) 

(♣)     P. C.-O. Ranitzsch et al., PRL 119 (2017) 122501 

Penning Trap Mass Spectroscopy 
@TRIGA TRAP (Uni-Mainz) (♦)  
@SHIPTRAP (GSI – Darmstadt) (♦♦)   

AME 2012 

AME 2017 

(♦)    F. Schneider et al., Eur. Phys. J. A 51 (2015) 89            
(♦♦) S. Eliseev et al., Phys. Rev. Lett. 115 (2015) 062501   
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Enter SHIPTRAP - Penning ion trapping facility

• 163Ho nitrate on a titanium base (1016 163Ho atoms) 
• Nd:YAG  laser produces 163Ho+ ions 
• Repeat with natural Dy

Holmium nitrate, 
Redbubble

PRL115,062501 (2015)
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Enter SHIPTRAP - Penning ion trapping facility

• Cool and centre ions 
• Remove impurities 
• Increase cyclotron radius to 0.5mm

gsi.de

PRL115,062501 (2015)
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Enter SHIPTRAP - Penning ion trapping facility

PRL115,062501 (2015)

• Use RF dipole pulses to excite ions to a given radius 
• A quadrupole pulse converts cyclotron to magnetron motion,
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• After 600ms, a phase shift, related to the magnetron frequency, is measured by letting ions hit the detector 

• Use RF dipole pulses to excite ions to a given radius 
• A quadrupole pulse converts cyclotron to magnetron motion,
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Enter SHIPTRAP - Penning ion trapping facility
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• After 600ms, a phase shift, related to the magnetron frequency, is measured by letting ions hit the detector 

• When converted, the phase shows the modified cyclotron frequency
• In phase 2, excite to radius that allows cyclotron motion

• Use RF dipole pulses to excite ions to a given radius 
• A quadrupole pulse converts cyclotron to magnetron motion,
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Enter SHIPTRAP - Penning ion trapping facility
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• After 600ms, a phase shift, related to the magnetron frequency, is measured by letting ions hit the detector 

• Repeat for 5 minutes, angle between accumulated detector spots gives cyclotron frequency
• When converted, the phase shows the modified cyclotron frequency
• In phase 2, excite to radius that allows cyclotron motion

• Use RF dipole pulses to excite ions to a given radius 
• A quadrupole pulse converts cyclotron to magnetron motion,
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Enter SHIPTRAP - Penning ion trapping facility

PRL115,062501 (2015)

• After 600ms, a phase shift, related to the magnetron frequency, is measured by letting ions hit the detector 

• Repeat for 5 minutes, angle between accumulated detector spots gives cyclotron frequency
• When converted, the phase shows the modified cyclotron frequency
• In phase 2, excite to radius that allows cyclotron motion

• Use RF dipole pulses to excite ions to a given radius 
• A quadrupole pulse converts cyclotron to magnetron motion,

Eur. Phys. J. A (2018)54: 154
Phase-Imaging Ion-Cyclotron-Resonance technique
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Enter SHIPTRAP - Penning ion trapping facility

PRL115,062501 (2015)

• After 600ms, a phase shift, related to the magnetron frequency, is measured by letting ions hit the detector 

• Repeat for 5 minutes, angle between accumulated detector spots gives cyclotron frequency
• When converted, the phase shows the modified cyclotron frequency
• In phase 2, excite to radius that allows cyclotron motion

• Use RF dipole pulses to excite ions to a given radius 
• A quadrupole pulse converts cyclotron to magnetron motion,

Eur. Phys. J. A (2018)54: 154
Phase-Imaging Ion-Cyclotron-Resonance technique

 123Te 
SHIPTRAP 
image
Physics Letters B 
758(C)  (2016)
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�SHIPTRAP has the answer

PPB measurement of frequency ratio Mass difference agrees with micro 
calorimeter experiments

SHIPTRAP

R =
M163Ho

M163Dy

= 1.00000001867(20stat)(10sys)
<latexit sha1_base64="GJMMRy9mRAcnQA7lqsyhgKWWiVI="></latexit>

�M = QEC = 2833(30stat)(15sys)eV/c
2

<latexit sha1_base64="WQpl4V49wB9aF5yr2q5N7uJXtzU="></latexit>

PRL115,062501 (2015)
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How much 163Ho do we need?

KATRIN sensitivity

fpu = 10-5

Eur Phys J C Part Fields. 2015; 75(3): 112.
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How much 163Ho do we need?

KATRIN sensitivity

fpu = 10-5

• For competitive mν sensitivity, we need ~ 1014 decays
• ~ MBq activity for few-year run-times
• 2 x 1011 atoms = 1Bq; we need ~ 1017 atoms

fpu = AEC⌧R
<latexit sha1_base64="d0GTZw0mHwjoHtxjQd3Ta/Pnqkk=">AAACDnicbVDLSgMxFM34rPVVdekmWAquykwVdCNUi+Cyin1AOwyZNNOGZh4kd8QyzBe48VfcuFDErWt3/o1pO4K2Hgice8693NzjRoIrMM0vY2FxaXllNbeWX9/Y3Nou7Ow2VRhLyho0FKFsu0QxwQPWAA6CtSPJiO8K1nKHtbHfumNS8TC4hVHEbJ/0A+5xSkBLTqHkOUkX2D0kUZym+Ayf/9SXNV13gcTODXYKRbNsToDniZWRIspQdwqf3V5IY58FQAVRqmOZEdgJkcCpYGm+GysWETokfdbRNCA+U3YyOSfFJa30sBdK/QLAE/X3REJ8pUa+qzt9AgM1643F/7xODN6pnfAgioEFdLrIiwWGEI+zwT0uGQUx0oRQyfVfMR0QSSjoBPM6BGv25HnSrJSto3Ll+rhYvcjiyKF9dIAOkYVOUBVdoTpqIIoe0BN6Qa/Go/FsvBnv09YFI5vZQ39gfHwDLXScKQ==</latexit>

2-event pile-up probability
activity in the detector

time resolution

Eur Phys J C Part Fields. 2015; 75(3): 112.
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2-event pile-up probability
activity in the detector

time resolution

We need fpu < 10-5 Typical τR ~ µs
Do we have a problem?

Eur Phys J C Part Fields. 2015; 75(3): 112.
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How much 163Ho do we need?

KATRIN sensitivity

fpu = 10-5

• For competitive mν sensitivity, we need ~ 1014 decays
• ~ MBq activity for few-year run-times
• 2 x 1011 atoms = 1Bq; we need ~ 1017 atoms

• Pile-up can be a limiting factor

fpu = AEC⌧R
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How much 163Ho do we need?

KATRIN sensitivity

fpu = 10-5

• For competitive mν sensitivity, we need ~ 1014 decays
• ~ MBq activity for few-year run-times
• 2 x 1011 atoms = 1Bq; we need ~ 1017 atoms

• Pile-up can be a limiting factor
• Separate detector into micro-calorimeter pixels

• Energy resolution ΔE < 3 eV
• Backgrounds < 10-5 events/eV/detector/day 

Eur Phys J C Part Fields. 2015; 75(3): 112.
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Pixel detectors: low-temperature microcalorimeters

• O(103 to 106) individual detectors
• O(1014) 163Ho atoms per detector
• Very small volume
• Working temperature < 100 mK 

• Low specific heat 
• Reduce thermal noise 

• Very sensitive temperature sensor

L Gastaldo, Neutrino 2018 
doi: 10.5281/zenodo/1286949

thermal 
capacity

thermal conductance
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HOLMES: transition-edge sensors

163Ho source 
embedding

Single detector 
optimization Holmes array Full HOLMES

163Ho isotope 
production

JINST 12 C02046 2017

Full HOLMES
       Sensitivity of 163Ho based experiments - HOLMES 

17 

B. Alpert et al, Eur. Phys. J. C (2015) 75:112 
A. Nucciotti, Eur. Phys. J. C (2014) 74:3161 

τ = 10 µs 
τ = 5 µs 
τ = 3 µs 
τ = 1 µs 

Two steps approach: 
 
• Proof of concept (2013 – 2018): 
 64 channels mid-term prototype  
 tM= 1 month  
 Æ m(νe) < 10 eV 
 
• full scale (starting 2019):  

 1000 channels,  
  tM= 3 years (3x1013 events) 
 Æ m(νe) < 1 eV 
 

 
 

HOLMES baseline: 
 
Activity per pixel:  300 Bq (6 × 1013 163Ho atoms) 
Number of detectors: 1000 

1024 detectors (16 arrays)

6.5 x 1016 163Ho  nuclei(18 μg) 

3 x 1013 events

3 x 1013 events (300Bq / pixel)

ΔEFWHM ~ 3-5eV; Δt ~ 10 μ s
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HOLMES: transition-edge sensors

163Ho source 
embedding

Single detector 
optimization Holmes array Full HOLMES

163Ho isotope 
production

163Ho isotope 
production

n

Enriched erbium(III) oxideHigh-flux reactor 
(ILL Grenoble)

163
Er + e� !163

Ho + ⌫e(T
EC
1/2 = 75 min)

<latexit sha1_base64="8ISWxhkMd8wftgGn9TffNST+Yjw="></latexit>

162Er(n, �) !163 Er
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Extract metallic Ho with Knudsen cell

(Reduce & distill 
with yttrium)

 650mg of Er2O3  at ~25% 162Er 

165 MBq of 163Ho

JINST 12 C02046 2017
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HOLMES: transition-edge sensors

163Ho source 
embedding

Single detector 
optimization Holmes array Full HOLMES

163Ho isotope 
production

163Ho source 
embedding

Evaporation 
Chamber

Sputter Ion
Source

90° Magnet

Faraday 
Cup

Sputter Target 
(163Ho)
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A = 163

A = 162
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FWHM
Slit

Mass number
selection

Mass separator - 
remove 166mHo (β-
emitter)

163Ho implanted 
between  2µm gold 
absorbers
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HOLMES: transition-edge sensors

163Ho source 
embedding

Single detector 
optimization Holmes array Full HOLMES

163Ho isotope 
production
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Single detector 
optimization 
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τ = 10 µs 
τ = 5 µs 
τ = 3 µs 
τ = 1 µs 

Two steps approach: 
 
• Proof of concept (2013 – 2018): 
 64 channels mid-term prototype  
 tM= 1 month  
 Æ m(νe) < 10 eV 
 
• full scale (starting 2019):  

 1000 channels,  
  tM= 3 years (3x1013 events) 
 Æ m(νe) < 1 eV 
 

 
 

HOLMES baseline: 
 
Activity per pixel:  300 Bq (6 × 1013 163Ho atoms) 
Number of detectors: 1000 

1024 detectors (16 arrays)

6.5 x 1016 163Ho  nuclei(18 μg) 

3 x 1013 events

3 x 1013 events (300Bq / pixel)

ΔEFWHM ~ 3-5eV; Δt ~ 10 μ s
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Extremely good energy resolution  
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ECHo 1k detector 

60 pixels with 163Ho sandwiched 
between (+4 for diagnostics) 

1648 The European Physical Journal Special Topics

a)

b) c)
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Fig. 18. (a) Design of the first µMUX developed within the framework of the ECHo experi-
ment. (b) Optical photograph of the current-sensing rf-SQUID showing the slotted washers,
the sephson junction, the modulation coil as well as the connections to the CPW resonator
and the detector. (c) Optical photograph of one two-pixel detector showing the two absorbers
connected via five Au stems to the temperature sensor, the persistent current switch as well
as the thermal link to the on-chip heat bath.

I/Q-down-converter and digitized by two fast analog-to-digital converters (ADCs).
The subsequent signal processing, i.e. the separation of the combined signal into the
different carriers as well as the determination of amplitude and phase of each carrier,
is done by using a field programmable gate array (FPGA). The FPGA is also used
for real-time raw data processing, i.e. for triggering and pulse height determination.

6.3 Prototype multiplexer device

Figure 18a shows the first µMUX developed at the Kirchhoff-Institute for Physics
that was designed within the framework of the ECHo experiment. It is described in
detail in [83]. This first multiplexer allowed to test the integration of a µMUX and
a detector array on the same chip and to specifically demonstrate the compatibility
of the fabrication processes for SQUIDs and MMCs respectively. The detector array
consists of 32 two-pixel detectors (see Fig. 1c) that are arranged in a 2× 16 linear
configuration. This arrangement of detectors allows for implantation of 163Ho ions
by scanning along the detector line. Each detector consists of two electroplated ab-
sorbers made of Au, each covering an area of 170µm× 170µm and having a total
thickness of 10µm. In between the two Au layers, 163Ho can be implanted within a
slightly reduced area resulting in a 4π geometry with a quantum efficiency of more

L Gastaldo, Neutrino 2018 
doi: 10.5281/zenodo/1286949
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ECHo 1k detector 

 100Bq 64-pixel prototype at RISIKO (Mainz)

L Gastaldo, Neutrino 2018 
doi: 10.5281/zenodo/1286949
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ECHo 1k detector 

ECHo-1k : 3” wafer with 64 chips
ΔEFWHM ~ 3eV 
Readout time 90ns (single-channel) 
300ns (multiplexed)

L Gastaldo, Neutrino 2018 
doi: 10.5281/zenodo/1286949
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The future: ECHo 1M detector 

Eur. Phys. J. Special Topics 226, 1623–1694 (2017)

• Total activity 1MBq 
• Neutrino mass sensitivity < 1eV 
• Approximately 50 wafers of ~1000 

detectors each

Scale up

• Optimal activity per pixel (target fpu <10-6) 
• Study different absorber materials 
• Signal processing algorithms for more 

detectors 
• Improve background model (10-6 

counts/eV/det/day )

Optimise design  with ECHo-1k

• Chemical separation for bigger Er 
samples 

• Improved 162Er enrichment 
• Study 163Ho(n,γ) reaction to optimise 

irradiation time

Holmium production
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163Ho demonstrators

1eV goal

Number of detectors

Activity per detector

Energy resolution

Neutrino mass sensitivity

Run time

Technology Metallic magnetic calorimeters Transition edge sensors

163Ho production 162Er (n,γ) 162Er (n,γ)

Advances in High Energy Physics 
2016 (9)

L Gastaldo (Neutrino 2018)

< 10 eV

< 5eV

< 10  eV

1 year

64

Proof of 
concept

300 Bq

target 1 eV

1 month

5 Bq

 60

ECHo-1k
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