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Short introduction to neutrino masses


The current state of the art: KATRIN and its latest results


Project 8: Narrow-range CRES for a neutrino mass measurement 

He-6: Broad-band CRES to search for chirality flipping interactions 


Summary

Outline
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Non-zero neutrino masses are firmly established …

3

Figure adapted and updated from https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles_Anti.svg

… through neutrino flavor

oscillation experiments, …


… but neutrinos remain only 
SM particle without measured 

mass … 


… and the mass generation

mechanism remains unclear.
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With neutrino mixing and nuclear recoil for Tnuc:


For unresolved neutrino mass splitting:


Neutrino mass from tritium β decay spectrum
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With neutrino mixing and nuclear recoil for Tnuc:


For unresolved neutrino mass splitting:
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With neutrino mixing and nuclear recoil for Tnuc:


For unresolved neutrino mass splitting:


Neutrino mass from tritium β decay spectrum
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With neutrino mixing and nuclear recoil for Tnuc:


For unresolved neutrino mass splitting:


Neutrino mass from tritium β decay spectrum

4

physical constants energy indep. matrix element

purely kinematic parameters
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With neutrino mixing and nuclear recoil for Tnuc:


For unresolved neutrino mass splitting:


Neutrino mass from tritium β decay spectrum
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With neutrino mixing and nuclear recoil for Tnuc:
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With neutrino mixing and nuclear recoil for Tnuc:


For unresolved neutrino mass splitting:


Neutrino mass from tritium β decay spectrum
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What we have so far: What we want:
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KATRIN: pushing a MAC-E filter at all boundaries to the extremes!

5Source: Direct neutrino-mass measurement with sub-electronvolt sensitivity,  
The KATRIN Collaboration, Nature Physics, volume 18, pages 160–166 (2022)
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Neutrino mass signature:

change of shape and shift of endpoint
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Best upper limit on neutrino mass 




Anticipated sensitivity:
 

mν < 0.8 eV/c2 at 90 % CL

mν < 0.2 eV/c2 at 90 % CL
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The challenges to higher mass sensitivity: systematics and statistics
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Project 8


A frequ
ency-

based
 approach towards 

the measurement of the neutrino mass 

using ultra cold atom
ic trit

ium with 


40 meV/c2 sensitivity
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Project 8: Cyclotron radiation emission spectroscopy of T(2)
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Project 8: Cyclotron radiation emission spectroscopy of T(2)
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Novel approach: J. Formaggio and B. Monreal, Phys. Rev D 80:051301 (2009)
• Cyclotron radiation from single electrons
• Source transparent to microwave radiation
• No e- transport from source to detector
• Highly precise frequency measurement
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P (17.8 keV, 90�, 1T) = 1 fW

P (30.2 keV, 90�, 1T) = 1.7 fW

Small but readily detectable with 

state-of-the-art detectors

P (17.8 keV,90∘,0.04 T) = 1aW@1 GHz Atomic physics drives us to lower fields

→ need for quantum amplifiers!



M. Fertl - Ascona, July 6th 2023

Project 8 phase I: First demonstration of CRES

8

Demonstrate the path to an electron neutrino mass experiment step by step! 

Proof of principle to show the feasibility of CRES: Use mono-energetic conversion electrons from 83mKr gas in waveguide 
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CRES compared to classical spectroscopy

9

85 MHz window around 1.4 GHz central frequency

Time

higher frequency

lower energy

83mKr commissioning run: Observation of single 17.8 keV CE electrons on real time spectrum analyzer 

Signal source volume



M. Fertl - Ascona, July 6th 2023

CRES compared to classical spectroscopy

9

85 MHz window around 1.4 GHz central frequency

Time

higher frequency

lower energy

83mKr commissioning run: Observation of single 17.8 keV CE electrons on real time spectrum analyzer 



M. Fertl - Ascona, July 6th 2023

CRES compared to classical spectroscopy

9

85 MHz window around 1.4 GHz central frequency

Time

higher frequency

lower energy

83mKr commissioning run: Observation of single 17.8 keV CE electrons on real time spectrum analyzer 



M. Fertl - Ascona, July 6th 2023

CRES compared to classical spectroscopy

9

85 MHz window around 1.4 GHz central frequency

Time

higher frequency

lower energy

Unique features of CRES:

• Pile-up(?)

83mKr commissioning run: Observation of single 17.8 keV CE electrons on real time spectrum analyzer 



M. Fertl - Ascona, July 6th 2023

CRES compared to classical spectroscopy

9

85 MHz window around 1.4 GHz central frequency

Time

higher frequency

lower energy

Unique features of CRES:

• Pile-up(?)
• Distinct signal start frequencies
• Distinct signal start times
• Distinct scattering pattern
• Detected power level

83mKr commissioning run: Observation of single 17.8 keV CE electrons on real time spectrum analyzer 



M. Fertl - Ascona, July 6th 2023

CRES compared to classical spectroscopy

9

85 MHz window around 1.4 GHz central frequency

Time

higher frequency

lower energy

Unique features of CRES:

• Pile-up(?)
• Distinct signal start frequencies
• Distinct signal start times
• Distinct scattering pattern
• Detected power level

• Fully differential measurement scheme 
(compared to the MAC-E scheme)

83mKr commissioning run: Observation of single 17.8 keV CE electrons on real time spectrum analyzer 



M. Fertl - Ascona, July 6th 2023

CRES compared to classical spectroscopy

9

85 MHz window around 1.4 GHz central frequency

Time

higher frequency

lower energy

Unique features of CRES:

• Pile-up(?)
• Distinct signal start frequencies
• Distinct signal start times
• Distinct scattering pattern
• Detected power level

• Fully differential measurement scheme 
(compared to the MAC-E scheme)

Very different set of cut parameters
compared to classical e- spectroscopy!

83mKr commissioning run: Observation of single 17.8 keV CE electrons on real time spectrum analyzer 
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Project 8 phase II: CRES application to a continuous spectrum
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Demonstrate the path to an electron neutrino mass experiment step by step! 
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Project 8 phase II: CRES application to a continuous spectrum

10

Demonstrate the path to an electron neutrino mass experiment step by step! 

Goals:

• 1st application of CRES to continuous  spectrum

• 1st frequency-based neutrino mass limit

• Demonstration of:


• high energy resolution

• zero background 

• control of systematic effects

β

Phase II Construction Data taking Analysis

52 mm
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Project 8 phase II: Calibration measurement using 83mKr

11

Trap depth determines the energy resolution and the line shape!

→ Calibration with mono-energetic 83mKr conversion electrons
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Trap depth determines the energy resolution and the line shape!

→ Calibration with mono-energetic 83mKr conversion electrons

“Shallow trap” configuration with:
• small pitch angle acceptance
• small magnetic field variation
• but high energy resolution

Development of line shape model:
• Kr decay physics: shake-up and shake-off

• 83mKr used in many other experiment too 
New paper: H. Robertson and V. Venkatapathy, 
Phys. Rev. C 102, 035502, 2020

• e- - scattering in (high-density) gas column, 
background gases, missed first track
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Trap depth determines the energy resolution and the line shape!

→ Calibration with mono-energetic 83mKr conversion electrons

“Shallow trap” configuration with:
• small pitch angle acceptance
• small magnetic field variation
• but high energy resolution

Development of line shape model:
• Kr decay physics: shake-up and shake-off

• 83mKr used in many other experiment too 
New paper: H. Robertson and V. Venkatapathy, 
Phys. Rev. C 102, 035502, 2020

• e- - scattering in (high-density) gas column, 
background gases, missed first track

Measured line width: (2.8 ± 0.1) eV
Instrumental width: (1.7 ± 0.2) eV
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Esfahani, et al, arXiv:2303.12055

https://arxiv.org/abs/2303.12055


M. Fertl - Ascona, July 6th 2023

Project 8 phase II: Calibration measurement using 83mKr

12

Trap depth determines the energy resolution and the line shape!

→ Calibration with mono-energetic 83mKr conversion electrons

“Shallow trap” configuration:

• Extreme energy precision of CRES demonstrated

K-line

L,M,N-doublets

Esfahani, et al, arXiv:2303.12055

https://arxiv.org/abs/2303.12055


M. Fertl - Ascona, July 6th 2023

Project 8 phase II: Calibration measurement using 83mKr

12

Trap depth determines the energy resolution and the line shape!

→ Calibration with mono-energetic 83mKr conversion electrons

“Shallow trap” configuration:

• Extreme energy precision of CRES demonstrated

• Kin. energy  vs. frequency fit: 𝝌2/ndf = 0.3 
Residuals mostly < 50 meV (across 14 keV, )< 3 ⋅ 10−6

K-line

L,M,N-doublets

Esfahani, et al, arXiv:2303.12055

https://arxiv.org/abs/2303.12055


M. Fertl - Ascona, July 6th 2023

Project 8 phase II: Calibration measurement using 83mKr

12

Trap depth determines the energy resolution and the line shape!

→ Calibration with mono-energetic 83mKr conversion electrons

“Shallow trap” configuration:

• Extreme energy precision of CRES demonstrated

• Kin. energy  vs. frequency fit: 𝝌2/ndf = 0.3 
Residuals mostly < 50 meV (across 14 keV, )< 3 ⋅ 10−6

• Determine energy of 32-keV 𝛾-line:          (32153.6 ± 2.4) eV 
Excellent agreement with literature value: (32151.7± 0.5) eV 
Venos et al., NIM A 560, 2, 352-359, 2006

K-line

L,M,N-doublets

Esfahani, et al, arXiv:2303.12055

https://arxiv.org/abs/2303.12055


M. Fertl - Ascona, July 6th 2023

Project 8 phase II: Calibration measurement using 83mKr

12

Trap depth determines the energy resolution and the line shape!

→ Calibration with mono-energetic 83mKr conversion electrons

“Shallow trap” configuration:

• Extreme energy precision of CRES demonstrated

• Kin. energy  vs. frequency fit: 𝝌2/ndf = 0.3 
Residuals mostly < 50 meV (across 14 keV, )< 3 ⋅ 10−6

• Determine energy of 32-keV 𝛾-line:          (32153.6 ± 2.4) eV 
Excellent agreement with literature value: (32151.7± 0.5) eV 
Venos et al., NIM A 560, 2, 352-359, 2006

K-line

L,M,N-doublets

M-doublet

Plot: A. Esfahani
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Challenge with shallow trap:
Low T2 decay rate at the CRES 
compatible gas density!

“Deep trap” configuration with:
• large pitch angle acceptance
• larger magnetic field variation
• but lower energy resolution

Detector response model 
verified for deep trap configuration!

Esfahani, et al, arXiv:2303.12055

https://arxiv.org/abs/2303.12055
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Detector response is frequency dependent!

Sweep position of 17.8 keV 83mKr across frequency ROI 
by changing the background field!

                                 fc =
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Detector response is frequency dependent!

Sweep position of 17.8 keV 83mKr across frequency ROI 
by changing the background field!

                                 fc =
1

2π
eB

me + Ekin/c2

Direct characterization of frequency response variation 
of waveguide setup
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Detector response is frequency dependent!

Sweep position of 17.8 keV 83mKr across frequency ROI 
by changing the background field!

                                 fc =
1

2π
eB

me + Ekin/c2

Direct characterization of frequency response variation 
of waveguide setup

Notch in detection efficiency:  

• TM01 mode interaction in the waveguide “cavity” 
due to imperfections

• Characterized, quantitatively understood and  
accounted in the spectral analysis

Esfahani, et al, arXiv:2212.05048
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The waveguide prototype setup revealed a lot of signal features

that were unknown at the time of the waveguide cell construction


→ Development of a complex signal model to reflect

• Instrumental RF properties

• Instrumental thermodynamic properties

• Change of gas composition (3He build-up)


→ Completely new analysis approach for new type of data!

https://arxiv.org/abs/2303.12055
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T2 endpoint consistent with literature value


First frequency-based neutrino mass measurement 


Extremely low background rate, no events beyond the  
endpoint region


Frequentist and Bayesian analyses: 


T2 endpoint:           

                                                


Neutrino mass:      

                                       


Background rate:  


EFreq.
0 = (18548+19

−19) eV (1σ)
EBay.

0 = (18553+18
−19) eV (1σ)

mFreq.
β ≤ 152 eV/c2 (90 % C . L . )

mBay.
β ≤ 155 eV/c2 (90 % C . I . )

≤ 3 × 10−10 eV−1s−1 (90 % C . I . )

Esfahani, et al, arXiv:2303.12055

https://arxiv.org/abs/2303.12055
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Improved control of systematic effects:
• Magnetic field optimization
• Magnetic field characterization
• Control of gas scattering
• Control of gas column composition and stability

Higher density ⇒ higher statistics, but much shorter tracks?

Larger volume ⇒ higher statistics, but signal dilution

Development of cold atomic hydrogen/tritium sources

Project 8: The road to higher neutrino mass sensitivity …

17
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Phase I+ II have established CRES as a high-precision frequency-based single electron spectroscopy technology

Phase III aims to establish the scaling relations to design an experiment with 40 meV mass sensitivity:

• Signal detection in a small RF cavity instead of a waveguide  
⇒ Cavity CRES Apparatus (CCA)

• Scaling of the gas volume from mm3 to m3 and in low field  
⇒ Low field Apparatus (LUCKEY/LFA)

• Production of trapped cold atomic hydrogen/tritium  
⇒ Atomic Tritium Demonstrator (ATD)

• Scientific milestone measurements along the way! 

Future phases of Project 8: Larger volumes, atomic tritium, lower magnetic fields, …
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Phase III aims to establish the scaling relations to design an experiment with 40 meV mass sensitivity:

• Signal detection in a small RF cavity instead of a waveguide  
⇒ Cavity CRES Apparatus (CCA)

• Scaling of the gas volume from mm3 to m3 and in low field  
⇒ Low field Apparatus (LUCKEY/LFA)

• Production of trapped cold atomic hydrogen/tritium  
⇒ Atomic Tritium Demonstrator (ATD)

• Scientific milestone measurements along the way! 

Phase IV: Ultimate sensitivity phase with (then) established technology
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Physically open ended cavity with coupling to waveguide

• Need to establish the signal model for e in cavity
• Need to demonstrate sufficient power collection
• Need to demonstrate the analysis capabilities
• Will use a ~1T MRI magnet for re-use of RF instrumentation

Phase III Cavity CRES apparatus (CCA)

20

credit: Elise Novitski

credit: Junior Peña and Juliana Stachurska

This is our next apparatus 

to come online!

picture credit: Elise Novitski
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Need to confine cold atomic hydrogen/tritium!

figure: Alec Lindman
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Need to confine cold atomic hydrogen/tritium!

Formaggio, de Gouvêa, Robertson, Physics Reports, Volume 914, 3 June 2021

figure: Alec Lindman

https://www.sciencedirect.com/journal/physics-reports/vol/914/suppl/C
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33 SPIN EXCHANGE AND DIPOLAR RELAXATION RATES IN. . .

cm ' ( T= 7—34 p, K) are limited to tens of seconds.
Although volume recombination is not important at these
densities, inelastic spin exchange and electronic magnetic di-
pole relaxation are. A trap initially filled with c- and d-state
atoms will be rapidly depleted by spin-exchange events in
which binary collisions yield cc aa, cc ac, and cc bd
(processes at T=O K in low fields); the resultant a- and b-

state atoms will be ejected from the trap leaving d-state
atoms only. These atoms can then relax via a binary-
collision magnetic dipole mechanism to electron-spin-
reversed states which are ejected until the trap is empty.
Dipolar relaxation is mainly due to the electronic magnetic
dipoles, and the following channels contribute initially:
dd aa, ad and cd ab, bd, ac.
Previously, calculations of spin exchange in zero field

have been made by Berlinsky and Shizgal;6 dipolar relaxa-
tion has been calculated only in the high-field regime for
states a-b (nuclear relaxation)" and b-c (electronic relaxa-
tion). ' Here we present calculations relevant to the traps
for 8=0-10 T. We obtained the volume two-body rates by
means of a coupled-channel calculation. l'0 This takes into
account (a) triplet and singlet potentials according to Kolos
and Wolniewicz, '0 (h) electron-electron and electron-proton
magnetic dipole interactions, (c) intra-atomic and interatom-
ic hyperfine interactions (Fermi contact terms). Consider-
ing the low values of the relevant temperatures, we present
only the rates in the T=0 K limit. For the dipolar transi-
tions this implies that orbital angular momentum I vanishes
for the upper channel and equals two in the lower channel.
For the exchange transitions, both initial and final I values
are zero. Taking into account Bose symmetry, we therefore
confine ourselves to the ten symrnetrized spin states aa,
(ah+ ba)/J2, . . . , dd. We calculated the event rates for
all downward transitions.
As usual, in a coupled-channel calculation the above-

mentioned potentials and couplings are treated to all orders.
In the interior region, where the triplet and singlet poten-
tials are of importance (r ( Ro), we expand the total
scattering wave function in SMqIMI spin states and solve
the set of coupled equations for the coefficient functions
which are equivalent to Schrodinger's equation. At Ro the
S matrix due to the interactions in the interior region is cal-
culated and transformed orthogonally to the asymptotic
a, b, c,d bases. Beyond Ro only the long-range dipolar and
the intra-atomic hyperfine interactions are taken into ac-
count. The former are induded there to first order. In cal-
culating these first-order amplitudes the distortion of the ra-
dial wave functions due to the couplings and potentials in
the interior region r & Ro are propagated into the exterior
region. This is done by defining a "local" S matrix, i.e., an
r-dependent scattering matrix for the case in which channel
couplings are cut off at r. The local S matrix obeys a first-
order radial differential equation from which the S matrix at
infinity can be derived. By this procedure the weakness of
the long-range 1/r magnetic dipole interactions is exploited
to avoid a time-consuming integration of coupled equations
beyond Ro. The value for Ro is chosen so large that the
sum of the S-matrix contributions from the interior and ex-
terior regions has converged. Usually a value of 30ao is
sufficient. Calculations of the dipolar relaxation rates with
an excluded-volume approximation gave very similar results
(differences less than 100/0 at low field). Calculations per-
formed for finite temperature show that thermal changes of
relevant rates only become important for T & 1 K.

jr'= —(2' + G~~) nj= —G n—j (2)

We have calculated the eve«rates Ghih2, h3h4 and Ghih2 h3h4

for all hyperfine states. The loss rate in Eqs. (1) and (2) is
obtained from an event rate by multiplying by the number
of atoms lost per event. Thus for the decay of d-state
atoms, the factor is 2 for dd- aa and 1 for dd ad.
The magnetic field dependence of 6' and G at T= 0 K is

sho~n in Fig. 2. With this we can determine the lifetime in
the H[ trap. For the c state the half-life is r[~2=1/n, pG;
where n, o is the initial c density; for the d state
r fg = 1/nqoG~, where ndo is the density at time t = 0. (Note
that in an exact solution of the coupled rate equations the
important process G,', ~ feeds c atoms into the d state. ) For
a field 8=0.1 T and for c-state densities of 10' cm we
find r F2 = 1 & 10 ' s (G'= 1 && 10 '3 cm' s '); for r )~2 we
find 4.2 s for these conditions (Gd=2. 39&&10 " cm3s ').
In Figs. 3(a) and 3(b) we present the results for all hyper-
fine rates. We have split these up into the faster predom-
inantly exchange and electronic dipolar rates [Fig. 3(a)] and
the slower rates [Fig. 3(b)]. With these data lifetimes of all
other trapped states can be obtained.
In conclusion, we have shown that H] traps with densi-

ties of order 10' cm ' rapidly decay to d-state traps which
can have reasonably long lifetimes.

10 I I I I I I ili I I I I I I Ill I I I I I I II[ I I I I I III

10
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103 1{)2 101 100 101

magnetic field (tesla)

FIG. 2. The decay rates 6'and Gd defined in Eqs. (l) and (2) as
a function of magnetic field at T=O K. At higher fields, other
channels become important and should be included.

We now consider the lifetimes in the H [ trap. For small
fields the exchange process is dominant by orders of magni-
tude. This enables us to make a simplifying separation of
the rate equations. Using the notation n, and nd for the
densities of states c and d and Gh, h h h and Gh, h h h for
the intrinsic exchange and dipolar event rates, respectively,
in the case of a transition hih2 h3h4 among the hyperfine
states, we find

/i, = —(2G,', ~+ G;,„+2G,', ~) n,'= —G'n,2
as the rate at which the c-d trap decays to a d-state trap.
This leads to a lower limit for the rate, as in the G' „pro-
cess the atom in the final state c may have gained enough
energy to escape the trap. Thereafter the d state decays as
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Need to confine cold atomic hydrogen/tritium!

Central CRES field should be rather

low to reduce dipolar spin flip losses!

Ad Lagendijk, Isaac F. Silvera, and Boudewijn J. Verhaar 
Phys. Rev. B 33, 626(R), 1986

Formaggio, de Gouvêa, Robertson, Physics Reports, Volume 914, 3 June 2021

figure: Alec Lindman

https://www.sciencedirect.com/journal/physics-reports/vol/914/suppl/C
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Atomic hydrogen flux requirements:

• > 1012 cold atoms per second 
⇒ high decay statistics

• Temperatures in the mK range
⇒ make atoms magnetically trappable

• Atomic purity: > 104-5 H per H2
⇒ suppress contribution from T2 decay 
     in endpoint region of T decay
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Atomic hydrogen flux requirements:

• > 1012 cold atoms per second 
⇒ high decay statistics

• Temperatures in the mK range
⇒ make atoms magnetically trappable

• Atomic purity: > 104-5 H per H2
⇒ suppress contribution from T2 decay 
     in endpoint region of T decay

• High efficiency of cold atom production
⇒ manageable size of gas handling and  
     purification loop infrastructure
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Atomic hydrogen flux requirements:

• > 1012 cold atoms per second 
⇒ high decay statistics

• Temperatures in the mK range
⇒ make atoms magnetically trappable

• Atomic purity: > 104-5 H per H2
⇒ suppress contribution from T2 decay 
     in endpoint region of T decay

• High efficiency of cold atom production
⇒ manageable size of gas handling and  
     purification loop infrastructure

Technology development with H(2) and D(2)

Later transfer to T(2) infrastructure.

figure credit: S. Böser
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Thermal cracker:

H2  2 H, hot, now!→

Surface accommodation:

 Cold surfaces …-2025

Magnetic evaporative cooling beamline

 

Atomic beam diagnostics: 

Wire detector, now!

Recombination of H

Heat release


Temperature increase


50 µm wire
Very recent


success!

figure credit: RGH Robertson
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Thermal cracker:

H2  2 H→

                     

High-resolution mass spectrometer

for AMU 1-10 on z-translator (Hiden)

Mass 1 signal of  mass spectrometer

MS in beam

gas flow on

MS out of  beam

 gas flow on

Biggest challenge:

Derive absolute cracking efficiency

Understand and control H2 bkgd!


Work in progress!
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Idea: measure resistance of 50 µm thick wire when hit by H beam 

          recombination to H2 releases heat 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Challenge: Very complex interplay between heat sources and sinks

Recently achieved first reproducible signal 

related to cracker temperature cycle!


Preliminary estimate of cracking efficiency

for the first time!figure credits: Ch. Matthé, A. Lindman

credit: Ch. Matthé




M. Fertl - Ascona, July 6th 2023

A wire-based beam monitor

25

Idea: measure resistance of 50 µm thick wire when hit by H beam 

          recombination to H2 releases heat 
          calibrate flux vs. temp. increase


→
→

Challenge: Very complex interplay between heat sources and sinks

Appeal: Small foot print detectors along beam line as diagnostic tools

             Only electrical measurements involved. 

Recently achieved first reproducible signal 

related to cracker temperature cycle!


Preliminary estimate of cracking efficiency

for the first time!figure credits: Ch. Matthé, A. Lindman

credit: Ch. Matthé
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Radial confinement of atomic H gas: electron magnetic moment  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Thermalization: large H density to maintain thermal equilibrium


Evaporation: Radial confinement fields decrease along the beam line

                      only coldest (slowest) atoms remain for injection→
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Problem: Accommodation on surfaces not possible to mK temperatures  Recombination of atomic hydrogen

Possible Mitigation: evaporative cooling of gas in decreasing trapping potential

→

Goal 1: cooling

Radial confinement of atomic H gas: electron magnetic moment  
                                                                                         and radial gradient field (multipole)


Thermalization: large H density to maintain thermal equilibrium


Evaporation: Radial confinement fields decrease along the beam line

                      only coldest (slowest) atoms remain for injection→

Goal 2: Pure atomic H beam

 H2 and helium has no significant magnetic moment

 H2 and helium contaminants are not confined and leave radially

→
→

Largest challenges:

 Fully integrated design with SC and permanent magnets

 cryogenics, UHV, magnetic fields, total gas load

→
→

Additional development


in the collaboration:


Li cooling beam line
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Phase II: First CRES-based neutrino mass limit


T2 endpoint:           

                                                


Neutrino mass:      

                                       


Background rate:  


EFreq.
0 = (18548+19

−19) eV (1σ)
EBay.

0 = (18553+18
−19) eV (1σ)

mFreq.
β ≤ 152 eV/c2 (90 % C . L . )

mBay.
β ≤ 155 eV/c2 (90 % C . I . )

≤ 3 × 10−10 eV−1s−1 (90 % C . I . )
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Phase III: Intense R&D program to establish the scaling relations 

to design an experiment with 40 meV mass sensitivity:


• Signal detection in a small RF cavity instead of a waveguide 

• Scaling of the gas volume from mm3 to m3 and in low field 

• Production of trapped cold atomic hydrogen/tritium  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Fierz term contribution to differential decay rate

6He-CRES: Fierz interference searches with broad-band CRES

28

First order sensitivity to new physics: b ∝ Re ( MF
2 CS + C′￼S

CV
+ MGT

2 CT + C′￼T

CA )

Gonzalez-Alonso, et al., Progress in Particle and Nuclear Physics,  
Volume 104, January 2019, Pages 165-223

2019 Prediction 6He:

1. 100 % Gamow-Teller transition ⇒  sensitivity


2. No  emission with  decay

3. Short half-life time: 807 ms

4. Theoretically well understood 


Neutrons:

Most fundamental semi-leptonic weak decay
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19Ne track affected by waveguide

resonanceTwo 19Ne tracks in detailVery high-density of 6He tracks at 2T

arXiv:2209.02870
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Ratio measurement of

19Ne and 6He spectra

Energy band sampled

for fixed RF bandwidth

Strong multimodal

coupling in waveguide cell
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First cyclotron radiation signals from MeV-scale e± from 6He/19Ne decays

30

arXiv:2209.02870v2

Ratio measurement of

19Ne and 6He spectra

Energy band sampled

for fixed RF bandwidth

Strong multimodal

coupling in waveguide cell

Established viability of CRES across the full beta-decay energy range!

https://arxiv.org/abs/2209.02870v2
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•CRES established as promising technique for next    
generation neutrino mass experiment


•Project 8 Phase II demonstrated background-free operation, 
control of systematics, first CRES  limit


•Work ongoing toward key technology demonstrations on the 
path to the 40 meV experiment


• First cyclotron radiation emission signals from MeV-scale e± 

pave the way for wide-application frequency based precision

spectroscopy.

mβ

Summary

31
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To strengthen its neutrino physics research program, the University of Mainz offers

1 PhD position (EG13/2)

at the Cluster of Excellence PRISMA+ to work on “Project 8”, a next generation neutrino 
mass experiment (http://www.project8.org). 

Neutrino oscillations provide a clear indication that neutrinos are not massless as 
assumed in the Standard Model of particle physics. Yet the masses of the neutrinos are 
several orders of magnitude lower than those of other fermions, and only upper limits 
have been set so far. Today, the most sensitive method to observe neutrino masses in 
the laboratory is the observation of the tritium β-decay spectrum endpoint region.

Towards this goal, the Project 8 collaboration has developed the novel method of 
Cyclotron Radiation Emission Spectroscopy (CRES), in which the electron energy is 
determined by its radio frequency emission when trapped in a magnetic field. Recently, 
we have succeeded in measuring the tritium spectrum with a small volume inside a 
waveguide, read out by a single antenna. In order to scale up to the final experiment, 
several techniques will need to be developed and tested.

Led by Prof. Böser and Prof. Fertl, the Mainz group is strongly involved in the 
development of Project 8’s atomic tritium source. Using hydrogen as a first step, we’ve 
set up a test stand to dissociate molecular into atomic hydrogen. The resulting atomic 
beam is very hot (2500K), and will need to be cooled in several stages: first to 160K, 
then to 8K. This PhD position will be to work on the cooling strategy and implement it. 
The project is mainly hardware-oriented but will include some simulation to inform the 
design. The successful candidate is inquisitive, creative, and has hardware experience. 
The candidate must hold a Master degree in Physics or Astrophysics with at least a 
German grade "good" (or equivalent) by the starting date. For inclined applicants with 
non-Physics degrees, the university’s FastTrack program may offer an attractive route 
to obtain a Physics Master as well as a PhD: https://physics.uni-mainz.de/de/degrees/
fast-track-phd-2/ 

Please send the following application materials by Aug 13th, 2023:

• Letter of motivation (max. 1 page)
• Curriculum Vitae
• Name and email address of two referees (no letters required)
• Copy of your relevant certificates and grades

to the email address below. Please do not hesitate to contact us with your questions.

Prof. Dr. Sebastian Böser
sboeser@uni-mainz.de
Tel: +49 6131-39 23865
Room 05-625

Institut für Physik
Johannes Gutenberg-Universität Mainz 
Staudinger Weg 7
55099 Mainz


