
Massive Neutrinos

Symmetry Magazine, 02/12/13 
Illustration by Sandbox Studio, Chicago 



Beta decay and electron capture
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• τ1/2  ≅ 4570 years 

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

(2*1011 atoms for 1 Bq)

S. Eliseev et al., Phys. Rev. Lett. 115 (2015) 062501 

• τ1/2  ≅ 12.3 years 

• Q β  =  18 592.01(7)  eV  
          

(4*108 atoms for 1 Bq)

E.G. Myers et al., Phys. Rev. Lett. 114 (2015) 013003 
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TOWARDS 40 meV
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Cyclotron radiation 

relativistic correction

C Y C L O T R O N  R A D I AT I O N

“Never measure anything but frequency” - A. L. Schawlow 

Project8 —

A C T U A L  S P E C T R O G R A M

First detection of single-electron cyclotron radiation!

11

Data Taking on 06/06/2014 immediately shows trapped electrons

PhysRevLett.114.162501 (2015)

Project8 —

C R E S  —  C Y C L O T R O N  R A D I AT I O N     
            E M I S S I O N  S P E C T R O S C O P Y

Also hardware 
improvements 

• better field 
uniformity 

• reduced 
noise level 

• better 
temperature 
stability 

22

P8 Collaboration, J. Phys. G 44 (5) 2017 
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Data Taking on 06/06/2014 immediately shows trapped electrons
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M A G N E T I C  B O T T L E

Frequency resolution limited due to field homogeneity!

15

5mT

Magentic 
bottle coil

Different 
 pitch angles

Harmonic trap →                          with f� =
1
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e hBi
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P H A S E  I I  G A S  C E L L

Circular waveguide 
• recover signal by better matching polarization (TE11 mode) 
• larger volume 

CaF2 windows 
• tritium compatible 

5 trap coils 
• greater flexibility of trap configureation 

Off-axis ESR magentometry 
• higher precision BDPA ESR agent  

→ in-situ monitoring of trapping fields 

Tickler port 
• in-situ RF calibration 

Waveguide short 
• recover signal from reflection

24

Phase I 
0,17’’ x 0,42’’

Phase II 
⌀ 0.396” 
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C R E S  —  C Y C L O T R O N  R A D I AT I O N     
            E M I S S I O N  S P E C T R O S C O P Y

Also hardware 
improvements 

• better field 
uniformity 

• reduced 
noise level 

• better 
temperature 
stability 

22

P8 Collaboration, J. Phys. G 44 (5) 2017 
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W H AT  N E X T ?

32

completed

T2 coming soon!

High-statistics 
→ volumetric readout

Final sensitivity 
needs atomic T
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P H A S E  I I I  -  P H A S E D  A R R AY  R E A D O U T

• Volumetric readout 
→ Study phased array antenna configurations

34

Example antenna configuration and vertex resolution being modeled

48 antennas
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M O L E C U L A R  T R I T I U M  L I M I TAT I O N S

Molecular excitations 
in daughter molecule 

• blur tritium endpoint 

→ fundamental limit 
     to measurement 
     of !-mass 

Need atomic tritium for 
ultimate experiment!

40

Data: Saenz (2000)  
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Phase IV
• 1018 atoms in the fiducial volume (109 Bq decay rate) 

• Atom density: 1012 cm-3 

!13

30 mK Tritium Atoms 

4 K

Supplies (hot) 
tritium atoms 
to cooling 

stages

Cools atoms 
by collisions 
to about 5 K

Rejects all T2 and 
hot T atoms

Continuous trap 
loading via opening 

in magnetic wall

1 T solenoid and antennas not 
shown



Project 8: ν Mass Reach
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3H based experiments

❖  KATRIN - Karlsruhe Tritium Neutrino Experiment 

Main ideas:  - high activity source: 1011 e-/s 
     - high resolution MAC-E filter to select electrons close to the end point 

  - count electrons as function of retarding potential 
     ! integral spectrum  

❖ Project8

Main ideas:  - Source = detector:  1011 – 1013 3H2 molecules /cm3   

     - Use cyclotron frequency to extract electron energy 

  - Differential spectrum  

❖ PTOLEMY - Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino Yield

Main ideas:  large area tritium source: 100 g atomic 3H 
  MAC-E Filter methods  

RF tracking and time-of-flight systems 
cryogenic calorimetry ! differential spectrum  

  

Future Project
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E+→

+→ ν

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

• τ1/2  ≅ 4570 years (2*1011 atoms for 1 Bq)

S. Eliseev et al., Phys. Rev. Lett. 115 (2015) 062501 

Atomic de-excitation: 

• X-ray emission 
• Auger electrons 

• Coster-Kronig transitions

Calorimetric measurement

A. De Rujula and M. Lusignoli, Phys. Lett. 118B (1982)  

eν

eν

eν

163Ho

163Ho

16
3 Ho

163Ho electron capture 
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fpu = 10-5  ΔEFWHM = 3 eV
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Sub-eV sensitivity: a possible scenario 

Statistics in the end point region 
• Nev  > 1014    →    A ≈ 1 MBq 

Unresolved pile-up (fpu ~ a ⋅ τr) 
• fpu  < 10-5  
• τr   < 1 µs ! a ~ 10 Bq 
• 105 pixels ! multiplexing 

Precision characterization of the endpoint 
region 
• ΔEFWHM < 3 eV 

Background level 
•    < 10-5 events/eV/det/day 

fpu = 10-6  ΔEFWHM = 2 eV

 20



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  
 ! m(νe) < 10 eV 

• full scale (starting 2019):  
 1000 channels,  
  tM= 3 years (3x1013 events) 
 ! m(νe) < 1 eV 

HOLMES baseline: 

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

Holmes: sensitivity and timeline 



Source production and purification: 
 130 MBq available for tests and experiments 

Detector arrays characterization: 
 very good single pixel performance 
 operating microwave SQUID multiplexing 
 next challenge ! load TES arrays with 163Ho 

Dedicated mass separator: 
 facility installed  
 tests of the ion source on-going 
 commissioning  on-going

✓ 

✓ 
!

!

Holmes: present status

 22



m(νe) < 10 eV 90% C.L.

ECHo-1k  (2015 – 2018) ECHo-100k (2018 – 2021)

A ≈ 300 Bq 
t =  1 y

A ≈ 100 kBq 
t =  3 y

Activity per pixel 5 Bq  
Number of detectors 60 
Readout: parallel two stage SQUID

Activity per pixel 10 Bq 
Number of detectors 12000 
Readout: microwave SQUID multiplexing

m(νe) < 1.5 eV 90% C.L.

Supported by DFG Research Unit FOR 2022/1 Supported by DFG Research Unit FOR 2022/2

ECHo: sensitivity and timeline
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S.Kempf et al., J. Low. Temp. Phys. 176 (2014) 426

3“ wafer with 64 ECHo-1k chip 

Suitable for  
parallel and multiplexed readout 

64 pixels which can be loaded with 163Ho  
+ 4 detectors for diagnostics 

Design performance: 
ΔEFWHM  ~ 5 eV 
τr ~ 90 ns (single channel readout) 
τr ~ 300 ns (multiplexed read-out)

ECHo-1k array

 24



•    Rise Time ~ 130 ns 

•    ΔEFWHM = 7.6 eV  @ 6 keV  

•    Non-Linearity  < 1%  @ 6keV 

EH bind. EH exp. ΓH lit. ΓH exp

MI 2.047 2.040 13.2 13.7
MII 1.845 1.836 6.0 7.2

NI 0.420 0.411 5.4 5.3
NII 0.340 0.333 5.3 8.0

OI 0.050 0.048 5.0 4.3

Calorimetric spectrum

First calorimetric  
measurement of the OI-line 

P. C.-O. Ranitzsch et al., Phys. Rev. Lett., 119, 122501 (2017)

10



Conclusions and outlook
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S P E C T R O G R A M  I N F O R M AT I O N
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A Bottle of Atoms
• We already have a shallow axial 

magnetic “bathtub” trap for 
holding the CRES electrons, which 
we can make deeper to hold atoms 
as well 

• We can add a multipole field to 
provide radial confinement 

• Such “Ioffe-Prichard” traps are 
established technology

!31
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• We already have a shallow axial 

magnetic “bathtub” trap for 
holding the CRES electrons, which 
we can make deeper to hold atoms 
as well 

• We can add a multipole field to 
provide radial confinement 

• Such “Ioffe-Prichard” traps are 
established technology
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The ALPHA Antihydrogen Magnetic Trap

Deeper version of 
CRES electron 
bathtub trap
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D I G I TA L  B E A M  F O R M I N G

Digitize per channel / φ-segment 
• (digital) phase delay → forms focal point in volume 

Needs high real-time processing power!
39
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T R I G G E R  D E V E L O P M E N T  I

Data transfer scheme 
• Fourier transform on FPGA → send time (T) and 

frequency (F) packets to server 

Frequency mask trigger 
• SNR threshold 

Event builder 
• pre-/post-trigger and 

skipping times adjustable 
• no dead-time!

28

First successful tests of software trigger on December 1st 2017  
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Radial Magnetic Field Profile
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Ioffe Trap Demonstrator
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Trap Loading
• The low maximum gas 

density (1012 cm-3) makes 
collisional cooling ineffective 

• Instead, we create an 
opening in the trap surface; 
an intense beam of cold, 
trappable atoms 
compensates for the losses 
through this opening

!38
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Trap Loading
• The low maximum gas 

density (1012 cm-3) makes 
collisional cooling ineffective 

• Instead, we create an 
opening in the trap surface; 
an intense beam of cold, 
trappable atoms 
compensates for the losses 
through this opening

!38

2 T Trap Surface

Trapped 30 mK 
Tritium Atoms

0 - 20 m/s Tritium Atoms

From Velocity Selector

Atoms Lost Through 
Loading Opening

Returned to
Recirculation System

Magnetic Trap Opening

1 cm2 opening 
= 

8✕1014 atoms/sec



Velocity Selection
• The fraction of atoms in a 30 K Maxwell-Boltzmann distribution between 60 

and 80 m/s is 2.5✕10-3 

• Rather than relying on the trap to separate trappable (slow) and untrappable 
(fast) atoms, we will magnetically separate them before trap loading

!39
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Magnetic Step Cooling
• We have a 1 T field to work with—let’s use it 

• This energy loss corresponds to 60 m/s 

• Source-to-trap efficiency ~ 10-5 

• Required hot atom flux 1019 atoms/s

!42
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T2 → T
• RF dissociation is the traditional approach for hydrogen 

• An oxide (aluminum or silicon) vessel contains the 
gas while remaining transparent to RF from an 
external cavity 

• Not compatible with tritium: the energetic 
environment extracts oxygen from the vessel, which 
immediately forms T2O or related species 

• Thermal dissociation is the best alternative 

• All-metal structure is inherently tritium compatible 

• Commercial hydrogen crackers are readily available

!43
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were constructed as a unit which could be removed from the
water-cooled body and the gas feed line in order to replace a
broken filament. However, the filaments proved to be very
reliable. The sealing between the removable capillary unit
and the gas feed line, on the other hand, required careful
handling. This feature was therefore abandoned in the final
version in favor of simplicity. The preliminary and final ver-
sions were constructed several times and utilized in other
laboratories.3–9 Finally Schuler revised the technical details
of the source to optimize its fabrication. The present version
of the source is sketched in Fig. 3. Capillary and filament are
made of W. A typical capillary temperature of 2200 K is
achieved at a filament power of around 160 W !I!14 A,
U!13 V". These conditions avoid any energetic particles.
Dispensing with the high-voltage insulation, which is pecu-
liar to electron bombardment heating, results in a much sim-
pler design and a much higher reliability of the source. The
filament is preferentially powered by a dc power supply in
the constant current mode, which makes the source run sta-
bly and reproducibly.

III. QUADRUPOLE MASS ANALYZER SYSTEM AND
ITS CALIBRATION

A. Quadrupole mass analyzer system

By switching from electron bombardment to radiative
heating we decrease the capillary temperature range from a
maximum of 2600 to typically 2200 K. This is a significant
temperature decrease with respect to dissociation requiring a
highly sensitive hydrogen atom detection system. We there-
fore designed an improved analysis system incorporating as
before a QMA for the detection of hydrogen atoms and mol-
ecules. The analysis system is shown schematically in Fig. 4.
The QMA !Pfeiffer QMA 160, QMH 400-1, and QMG 422"
is accommodated in a differentially pumped chamber whose
base pressure is below the x-ray limit of the ion gauge !2
"10−11 mbar". The QMA is equipped with an axial beam
ionizer for electron-impact ionization. The parameters of the
ionizer are adjusted to optimize the sensitivity and resolution
of masses 1 and 2 !filament to anode of 53 V, anode to lens
of 0 V, anode to rod system entrance of 150 V, and anode to
rod system field axis of 18.25 V". The ion current I is de-
tected by a Faraday cup.

Gas particles from the source chamber pass to the QMA
chamber via a tube of 1 mm inner diameter and 10 mm
length. The hydrogen atom source can be swiveled by #30°
about an axis through the orifice. This kind of setup was
already used by Van Zyl and Gealy19 to record the angular
distribution of the particles emanating from the orifice. The

source can be mechanically adjusted to bring the capillary
into the line of sight of the pressure stage tube and the QMA
ionizer. Hydrogen gas is admitted from a pressure can to a
bellows-type gas reservoir and via either an UHV leak valve
or a mass flow controller !Aera FC-901" to the source. The
feed pressure is measured by a spinning rotor gauge or a
capacitance manometer depending on the actual pressure.
The pressure ranges are as follows: feed pressure pg=2
"10−3 , . . . ,3.5 mbars, pressure in the source chamber pS
=1.5"10−8 , . . . ,1.6"10−5 mbar, and pressure in the QMA
chamber pQ= !2"10−11, . . . ,5"10−9 mbar. The highest
pressures correspond to a mass flow rate Q=1 SCCM
!SCCM denotes cubic centimeter per minute at STP". This
analysis system is superior to the former one in the sensitiv-
ity of the QMA, differential pumping performance and there-
fore in the background of the QMA signal, and width of the
accessible polar angle range.

We previously determined the intensity of the source
from three experimentally determined quantities: !1" the flow
rate of the hydrogen feed gas, !2" the degree of dissociation
indicating how much of the feed gas is dissociated, and !3"
the angular distribution of the emitted hydrogen atoms.
Quantity !1" was measured in absolute numbers and quanti-
ties !2" and !3" in relative numbers. The angular distribution
was only measured at the highest capillary temperature
!2600 K" and was assumed to be valid at all temperatures. In
the present system, the improved signal-to-noise ratio and
the low pressure in the QMA chamber make it feasible to
register the angular distribution of the atoms as well as that
of the molecules at arbitrary temperature. By integrating the
angular distribution we obtain the total emitted flux of atoms
and molecules which when combined have to balance the
feed gas mass flow. This is the present route for achieving
quantitative data of the intensity.

The full polar angle range !#30°" of the analysis system
is not illuminated by the standard source as shown in Fig. 3,

FIG. 3. Hydrogen atom source with radiative heating of the capillary.

FIG. 4. Schematic of the apparatus used to determine the intensity of the
hydrogen atom source.

034908-3 Tschersich, Fleischhauer, and Schuler J. Appl. Phys. 104, 034908 !2008"
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pler design and a much higher reliability of the source. The
filament is preferentially powered by a dc power supply in
the constant current mode, which makes the source run sta-
bly and reproducibly.

III. QUADRUPOLE MASS ANALYZER SYSTEM AND
ITS CALIBRATION

A. Quadrupole mass analyzer system

By switching from electron bombardment to radiative
heating we decrease the capillary temperature range from a
maximum of 2600 to typically 2200 K. This is a significant
temperature decrease with respect to dissociation requiring a
highly sensitive hydrogen atom detection system. We there-
fore designed an improved analysis system incorporating as
before a QMA for the detection of hydrogen atoms and mol-
ecules. The analysis system is shown schematically in Fig. 4.
The QMA !Pfeiffer QMA 160, QMH 400-1, and QMG 422"
is accommodated in a differentially pumped chamber whose
base pressure is below the x-ray limit of the ion gauge !2
"10−11 mbar". The QMA is equipped with an axial beam
ionizer for electron-impact ionization. The parameters of the
ionizer are adjusted to optimize the sensitivity and resolution
of masses 1 and 2 !filament to anode of 53 V, anode to lens
of 0 V, anode to rod system entrance of 150 V, and anode to
rod system field axis of 18.25 V". The ion current I is de-
tected by a Faraday cup.

Gas particles from the source chamber pass to the QMA
chamber via a tube of 1 mm inner diameter and 10 mm
length. The hydrogen atom source can be swiveled by #30°
about an axis through the orifice. This kind of setup was
already used by Van Zyl and Gealy19 to record the angular
distribution of the particles emanating from the orifice. The

source can be mechanically adjusted to bring the capillary
into the line of sight of the pressure stage tube and the QMA
ionizer. Hydrogen gas is admitted from a pressure can to a
bellows-type gas reservoir and via either an UHV leak valve
or a mass flow controller !Aera FC-901" to the source. The
feed pressure is measured by a spinning rotor gauge or a
capacitance manometer depending on the actual pressure.
The pressure ranges are as follows: feed pressure pg=2
"10−3 , . . . ,3.5 mbars, pressure in the source chamber pS
=1.5"10−8 , . . . ,1.6"10−5 mbar, and pressure in the QMA
chamber pQ= !2"10−11, . . . ,5"10−9 mbar. The highest
pressures correspond to a mass flow rate Q=1 SCCM
!SCCM denotes cubic centimeter per minute at STP". This
analysis system is superior to the former one in the sensitiv-
ity of the QMA, differential pumping performance and there-
fore in the background of the QMA signal, and width of the
accessible polar angle range.

We previously determined the intensity of the source
from three experimentally determined quantities: !1" the flow
rate of the hydrogen feed gas, !2" the degree of dissociation
indicating how much of the feed gas is dissociated, and !3"
the angular distribution of the emitted hydrogen atoms.
Quantity !1" was measured in absolute numbers and quanti-
ties !2" and !3" in relative numbers. The angular distribution
was only measured at the highest capillary temperature
!2600 K" and was assumed to be valid at all temperatures. In
the present system, the improved signal-to-noise ratio and
the low pressure in the QMA chamber make it feasible to
register the angular distribution of the atoms as well as that
of the molecules at arbitrary temperature. By integrating the
angular distribution we obtain the total emitted flux of atoms
and molecules which when combined have to balance the
feed gas mass flow. This is the present route for achieving
quantitative data of the intensity.

The full polar angle range !#30°" of the analysis system
is not illuminated by the standard source as shown in Fig. 3,

FIG. 3. Hydrogen atom source with radiative heating of the capillary.

FIG. 4. Schematic of the apparatus used to determine the intensity of the
hydrogen atom source.
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T2 → T
• RF dissociation is the traditional approach for hydrogen 

• An oxide (aluminum or silicon) vessel contains the 
gas while remaining transparent to RF from an 
external cavity 

• Not compatible with tritium: the energetic 
environment extracts oxygen from the vessel, which 
immediately forms T2O or related species 

• Thermal dissociation is the best alternative 

• All-metal structure is inherently tritium compatible 

• Commercial hydrogen crackers are readily available
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Why Trap the Atoms?
• Our design sensitivity assumes a T2/

T ratio of less than 10-6 

• Contact with physical surfaces 
strongly catalyzes recombination  

• A magnetic bottle holds T, 
preventing surface 
recombination, but not T2, 
providing continuous 
purification
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surface for atomic H, is not usable for T (D. Kleppner, private communication). The betas must

also be trapped in order to have su�cient time to observe and measure their cyclotron frequency.

Thus the problem is to design a dual-purpose trap that contains both the atomic T atoms and the

electrons.

Very low temperatures are required for another reason. The endpoint energy of the T spectrum

is about 10 eV less than that of the T2 spectrum [1]. Any molecules remaining in the trap represent

a background at the T endpoint, and must be kept to less than ⇠ 10�5 abundance. The saturated

vapor pressure of T2 and HT over the solid is given by Souers et al. [3] as an empirical equation,

lnQ = A+
B

T
+B0 lnT (2)

and is shown in Fig. 2. The constants are given in Table I. An atomic trap with physical walls at

10-24
 

10-22
 

10-20
 

10-18
 

10-16
 

10-14
 

10-12
 

10-10
 

10-8
 

10-6
 

10-4
 

10-2
 

100
 

102
 

 V
ap

or
 P

re
ss

ur
e,

 T
or

r
20151050

 Temperature, K

 T2
 HT

FIG. 2. Saturated vapor pressure of T
2

and HT over the solids [3].

Constant HT T
2

Unit

A 4.559165 5.846049 Torr

B -160.7 -126.6 Torr-K

B0 2.552 2.3235 Torr

TABLE I. Vapor pressure constants for tritium isotopologues [3].

any temperature below about 3 K assures negligible molecular contamination, since the molecule,

having no appreciable magnetic moment, is not trapped, strikes a wall, and is frozen out there.

The elements of an atomic source would be as follows:
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Pileup Mitigation
• The event rate (109 Hz) and event 

duration (10-2 s) result in many 
simultaneous events; separation 
is required to avoid pileup 

• Digital beamforming with a 
cylindrical array of antennas 
enables segmenting the trap 
volume in the transverse plane 

• Cyclotron diameter ~ 0.2 cm
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Project8 —

R E S O L U T I O N

Energy resolution 
• ΔE/E ~ Δf/f ~ ppm 
→ easy! 

 

Frequency resolution 
    Δf ~ 1/Δt 

• observation time Δt = 20μs ~ 1400m @ 18keV  
→ hard! 

Need to store electrons in magnetic trap!
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