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OUTLINE

• Neutrinos DO have mass, and the average for the 3 must 

lie between 2 and 0.02 eV.

• The KATRIN experiment.

• A new idea: CRES (Cyclotron Radiation Emission 

Spectroscopy): Project 8.

but... nothing on sterile neutrinos, double beta decay, 163Ho, 

cosmology.



NEUTRINO MASSES AND FLAVOR 
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PRESENT LABORATORY LIMIT 

FROM 2 TRITIUM EXPERIMENTS:
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mv < 2 eV
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• October 2016 - First light

Electrons traverse the 70 meter length of KATRIN

First operation of entire beam line

• July 2017 – 83mKr Spectrum

Precision measurement of a nuclear standard

Test scanning principles of tritium operation

Prototype of sterile neutrino search

• April 2018 – Beginning of tritium operation

Goal: 350 meV discovery potential

200 meV sensitivity

Probe quasi-degenerate region

KATRIN:

(KArlsruhe

TRItium Neutrino 

experiment)



6

• Relative shape measurement

of integrated β spectrum

• 4 fit parameters:

m2
ν  , E0 , AS , RBg
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KATRIN: NEUTRINO MASS ANALYSIS 

& SENSITIVITY
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optimal m2
ν  sensitivity at S/B ≈ 2 

[E. Otten, 1994]

3 yrs (5 cal. yrs) to balance statistics 
and systematics

at design parameters:

K. Valerius, M. Kleesiek



THE LAST ORDER OF 

MAGNITUDE

If the mass is below 0.2 eV, how can 

we measure it?  

KATRIN may be the largest such 

experiment possible.  

Size of experiment now:

Diameter 10 m. 

Ro-vibrational 

states of THe+, 

HHe+ moleculeNext diameter: 300 m!

σ(mv)
2 ~ 

0.38 eV2

Statistics Systematics



IDEA : CYCLOTRON RADIATION 

EMISSION SPECTROSCOPY (CRES)
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Radiated power ~ 1 fW at 1 T for 18-keV electrons.

Surprisingly, this had never been observed for a single 

electron.

(B. Monreal and J. 

Formaggio, PRD 

80:051301, 2009)



THE ENERGY IS MEASURED AS A 

FREQUENCY
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ENERGY RESOLUTION
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• For 1 eV energy resolution, you need about 2 ppm frequency.

• For 2 ppm frequency, you need 500,000 cycles, or 15 μs.

• Electron travels 2 km.  

• You need a trap!
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Gas cell is a small section of WR-42 waveguide



WHAT WOULD A SIGNAL FROM AN 

ELECTRON LOOK LIKE?
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Digitize the amplifier output.  Make short-time Fourier transforms. 

Plot the spectra sequentially (a “spectrogram”).

Simulation: M. Leber
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ENERGY SPECTRUM
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83mKr

15 eV FWHM

Project 8, PRL 114, 162501 (2015)



HIGHER RESOLUTION 
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L1

L2

L3

53 eV

3.6 eV

Analyst: L. de Viveiros
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M1

M2

M3

8 eV

Analyst: L. de Viveiros



WHY IS THIS IMPORTANT?
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• Source is transparent to 

microwaves: can make it as big as 

necessary. 

• Whole spectrum is recorded at 

once, not point-by-point.

• Excellent resolution should be 

obtainable.

• An atomic source of T (rather than 

molecular T2) may be possible. 

Eliminates the final-state theory 

input.
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2010 2012 2014 2016 2018 2020 2022 2024

Concept: B. Monreal and J. Formaggio, 

PRD 80:051301, 2009

Phase I 83mKr, waveguide cell

Proof of concept: PRL 114:162501, 2015

Phase 2
T2, waveguide cell;

Final states, 3H-3He mass diff.

Phase 3

Phase 4

T2, 1000 cm3 cell;

2 eV ν mass

Atomic T, 10 m3 cell;

<< 2 eV ν mass

Good resolution: JPG 44:054004, 2017
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Phase 3

Tritium experiment at Mainz/Troitsk

scale: 2 eV goal

Large MRI magnet

200 cm3 effective volume

Ring array of antennas

M.	Fertl Washington	D.C.,	1/30/2017

Further Phase II/ III hardware developments 

9

Larger	magnetic	field	volume

Concept: M. Jones
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Phase 4

Atomic tritium experiment:

Very large magnet ~10 m3

Trapped atomic T at < 1 K

Ioffe trap design: 

A. Radovinsky

Final State Distributions

Ioffe trap design: 

A. Lindman



PROJECT 8 SENSITIVITY
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and OPTIMISTIC



PROJECT 8 SENSITIVITY
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Existing mass limit

Normal vs inverted hierarchy

Current system volume



SUMMARY

KATRIN 

Construction complete except “tritium 
loops” 

Full operation 2018

Project 8

Success of  proof-of-concept.

Phase 2: “Microtritium” experiment, begins 
2017

Phase 3: Molecular tritium neutrino mass to 
~2 eV

Phase 4: Atomic tritium.
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Fin
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COSMOLOGICAL SENSITIVITY 
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Within the ΛCDM model, 

constraints are now quite 

tight.  Planck + BAO gives

Di Valentino et al. PRD 93, 083527 (2016) 

< 0.17 eV
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Battye and Moss, PRL 112, 

051303 (2014)

 Planck

 SPT

Lensing power spectrum

Shear 

correlation 

spectrum

 CFHTLenS

Some tensions in ΛCDM 

resolved with neutrino 

mass: 

But some tensions …



HUBBLE TENSION…
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Tension with the HST galaxy 

low-z data can be resolved 

by relaxing w: 
72

75

73.00(175) – HST

Di Valentino et al. PLB 761, 242 (2016) 

eV~

w ~ 



MASS AND MIXING 

PARAMETERS

m21
2 7.54+0.21

-0.21 x 10-5 eV2

m32
2| 2.42+0.12

-0.11 x 10-3 eV2

mi > 0.055 eV (90% CL) < 5.4 eV (95% CL)*

12 34.1+0.9
-0.9 deg

23 39.2+1.8
-1.8 deg

13 9.1+0.6
-0.7 deg

sin213 0.025+.003
-.003

Marginalized 1-D 1- uncertainties.  

*C. Kraus et al., Eur. Phys. J. C40, 447 (2005); V. Aseev et al. PRD 84 (2011) 112003.

Other refs, see Fogli et al. 1205.5254 30

Oscillation Kinematic



Overview of KArlsruhe TRItium Neutrino Experiment

Windowless gaseous source Transport section Pre-spectrometer Main-spectrometer Detector

V
Monitor-spectrometer

70 m

10-3 mbar 10-11 mbar
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Idea : Cyclotron 

Radiation Emission 

Spectroscopy (CRES).

If you are going to measure 

anything with precision, 

measure frequency.

-- Arthur Schawlow

(B. Monreal and J. 

Formaggio, PRD 

80:051301, 2009)



• Uses frequency-based 

Cyclotron Resonance 

Emission Spectroscopy 

(CRES) for energy 

measurements of betas from 

gaseous source.

• Measurement via microwave 

photon emission (26 GHz @ 1 

Tesla):  allows for extraction of 

electron energies without 

removing them from the 
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G-M cooler (35K)

26-GHz amplifiers

83mKr source (behind)

SC Magnet (0.95 T)

Phase 1 at University of Washington
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Short-time Fourier 

transform spectrogram

Find tracks

Join segments vertically to 

map complete electron event



POWER RADIATED
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83mKr: NICE TEST SOURCE
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86.2 d

83Rb

83Kr

41 keV

9 keV

1.83 h

Eγ = 32152 eV

Principal 

conversion e-:

K: 17824.3 eV

L2: 30424.4 eV

L3: 30477.2 eV

M2: 31934.2 eV

M3: 31941.9 eV
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Phases and Goals of Project 8

• Currently commissioning 

Phase II waveguide prototype 

with 83mKr.

• First tritium operations in 

Summer 2017.

• Design of Phase III ongoing.

• Early R&D for Phase IV with 

atomic tritium

Project 8 Phase II Waveguide Prototype

Natural line widths: 1.99 &1.66 eV; Observed FWHM 3.6 eV 
Separation is 7.7 eV 

Region of interest near the 32 keV lines 
(bins are 0.5 eV wide) 
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Phase 2

“Microtritium” – a very small tritium experiment.

Changes from Phase 1:

WR-42  1-cm circular waveguide cell

Kapton windows  CaF2

External ESR calibrations of field

5-coil “bathtub” trap

RSA  ROACH streaming digitizer

Isolator for better SNR

Design: M. Fertl
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Addition of cryogenic isolator (circulator with one port 

terminated) reduces frequency dependence of noise floor.

Analyst: R. Cervantes

1

2

3

35K

35K

110K
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A spectrogram from the ROACH Digitizer

Analyst: C. Claessens



“JUMP” SPECTRUM
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83mKr 30.4 keV line

Counts (a.u.)

Track Energy (keV)
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Most probable jump is 14 eV.



NEUTRINO MASS PHYSICS 

IMPACT

44



Phase IV Ioffe Trap concept: Atomic tritium 

f(x, y) = (0 cm, 0 cm)

Antenna array concept for Phase III: phased array(s) with digital beam forming

• Phase III can set mν < 2 eV

• Total tritium source volume 

~100 cm3

• Ring-shaped phased arrays 

with focus determined by 

digital beam forming



AN EARLY H TRAP (AT&T, MIT)

Hess et al. PRL 59, 672 [1987]

6 x 1012 cm-3

40 mK

400 s

Effect of dipolar spin flips
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ALPHA’S ANTIHYDROGEN TRAP

ALPHA Collaboration: Nature Phys.7:558-564,2011; arXiv 1104.4982 47



MOLECULAR FINAL-STATE SPECTRUM
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Saenz et al. PRL 84 (2000) T2 
3HeT+

QA = 18.6 keV

translation

rotation

e-

n

T2 molecule

vibration
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MOLECULAR FINAL-STATE SPECTRUM

Saenz et al. PRL 84 (2000)

Fackler et al. PRL 55 (1985)

694 eV2

LANL 1991, LLNL 1995



AN OLD PROBLEM SOLVED
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Bodine, Parno, HR; PRC 91 035505 (2015)
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MOLECULAR FINAL-STATE SPECTRUM

Saenz et al. PRL 84 (2000)

Fackler et al. PRL 55 (1985)

KATRIN

0.2 eV2

694 eV2

LANL 1991, LLNL 1995
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MAGNETIC 

CONFIGURATION OF TRAP

Solenoidal uniform field for electron cyclotron 

motion

Pinch coils to reflect electrons

Ioffe conductors (multipole magnetic field) to reflect 

radially moving atoms.

The ALPHA antihydrogen trap parameters:

Magnetic well depth 0.54 K (50 μeV)

Trap density initially ~107 cm-3

Trap lifetime ~ 1000 s



Molecular excitations
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Energy loss

A WINDOW TO WORK IN



MASS 

RANGE 

ACCESSIBLE

Present

Lab Limit

2 eV

starting

2017

KATRIN
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MASS 

RANGE 

ACCESSIBLE

Present

Lab Limit

2 eV

starting

2017

KATRIN
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If the mass is 

below 0.2 eV, 

how can we 

measure it?  

KATRIN may 

be the largest 

such 

experiment 

possible.  



NEUTRINO MASS LIMITS FROM BETA DECAY
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KATRIN



FIRST OBSERVATION OF SINGLE-

ELECTRON CYCLOTRON RADIATION
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Project 8, PRL 114, 

162501 (2015)

June 6, 2014

Analyst: N. Oblath



UNEXPECTED DETAIL!
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June 6, 2014

Electron scatters off gas 

molecules, losing energy, 

possibly changing pitch angle

Electron slowly loses energy

from cyclotron emission

~ 1 fW radiative loss

Track start gives initial electron kinetic energy


