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Neutrino capture on β± decaying nuclei  

Nuclear Beta decay Qβ 

mν 
Te 
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The events induced by Neutrino Capture have a unique signature: 
 there is a gap of 2mν (centered at Qβ) between “signal” and “background”  

2mν 

Neutrino Capture on a 
Beta Decaying Nucleus 

dN/dEe 

dN/dEe 

exploiting mν≠ 0 

As s “side result”: measurement of the neutrino mass ! 



Signal to background ratio depends crucially on the energy resolution (Δ) 
at the beta decay endpoint: detection is possible only if Δ<mv 
As an example, given a neutrino mass of 0.7 eV and an energy 
resolution at the beta decay endpoint of Δ=0.2 eV a signal to 
background ratio of 3 is obtained. 
 
 

In the case of 100 g mass target of Tritium we expect 
about 7 capture events per year 

More details in: AGC, M.Messina and G.Mangano JCAP 06(2007)015 

CνB detection using Tritium 

νe + 3H       3He+ + e-  



Why tritium target ? 

-  High cross section (~10-44 cm2) 

-  Sizeable lifetime (T1/2 = 12 y) 

-  Low Q value (18.6 keV) 

-  Nuclear and atomic physics effects 
     can be evaluated analytically 

PTOLEMY Collaboration M.G.Betti et al., JCAP 07(2019)047  
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100 g T source + EM filter + RF tagging + sub-eV resolution µ-cal 



100 g T source + MAC-E filter + RF tagging + sub-eV resolution µ-cal 



PTOLEMY prototype 



R&D Prototype @ PPPL 
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PTOLEMY @ LNGS 
in 2018 

we are here 

Underground area not needed 
for the time being 



 Recent papers 

M.G. Betti et al. 
“A design for an electromagnetic filter for precision energy measurements 
at the tritium endpoint” 
Prog. Part. Nucl. Phys. 106 (2019) 120-131 
 
 
M.G. Betti et al. 
“Neutrino Physics with the PTOLEMY project: active neutrino properties 
and the light sterile case” 
JCAP 07(2019)047 



100 g T source + MAC-E filter + RF tagging + sub-eV resolution µ-cal 



Major technological challenges 
towards the full scale PTOLEMY detector 

•  Assemble a 100 g (35x106 GBq) tritium target 

•  Reduce target induced Ee smearing due to molecular effects 

•  Decimate the huge background event rate (1014 Hz/g) 

•  Compress a 70m spectrometer length (KATRIN) down to meter scale 

•  Measure the electron energy with σE better than O(0.05 eV)  



Challenge I 
100 g of Tritium = 35 Million GBq = 1 Mega Curie 

Procurement (probably) easy 
World inventory of tritium hundreds of kilograms 

Handling requires special permissions and dedicated infrastructures 

Challenge II 
Tritium must undergo a clean decay/capture process 

(molecular binding, final states density) 
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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!

32

(3HeT)+

(3HeH)+

Advances in High Energy Physics 2013 (2013) 39

Tritium target 
Characteristics: 
 

    - High density and packing factor 
    - Weakly bound to substrate 
    - Low interaction probability  
    - Electron focusing to the EM filter 



Tritiated graphene 

Single atomic layer weakly bound in sp-3 configuration (2D structure) 
 
Single-sided (loaded on substrate) and planar (uniform bond length) 
 
Binding Energy < 3 eV (exact value to be measured) 
 
Source strength with surface densities of ~2 Ci/m2 (200 µg/m2) 
 
Semiconductor (Voltage Reference) 
 
Polarized tritium (directionality?) 

RAPID COMMUNICATIONS

PUJARI, GUSAROV, BRETT, AND KOVALENKO PHYSICAL REVIEW B 84, 041402(R) (2011)

the energy self-consistency and 0.005 eV/Å for the forces.
Further, to maintain the accuracy, integration over the Brillouin
zone was performed on regular 26 × 26 × 1 Monkhorst-Pack
grids. The band structure was plotted on the lines joining the
M , !, K , and M points, and the individual line segments
were sampled using 50 grid points each. The corresponding
precision was also maintained for the cell optimization carried
out using the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
quasi-Newton algorithm. The convergence threshold on the
pressure was kept at 0.1 kBar. The computational unit cell
consisted of two carbons and two hydrogens. A vacuum space
of 12 Å was kept normal to the SSHGraphene plane to avoid
any interactions between the adjacent sheets.

It is worthwhile to review some properties of graphene
and graphane before we discuss SSHGraphene. Graphene is
a one-atom-thick sheet of sp2-bonded carbon atoms that are
densely packed in a bipartite crystal lattice. It has two atoms
per unit cell, which has the lattice parameter of 2.46 Å, with
a carbon-carbon bond length of 1.42 Å. Although graphane
is bipartite and hexagonal, its unit cell has four atoms (two
carbons and two hydrogens) and has a larger lattice parameter,
namely, 2.51 Å.13 In graphane every alternate carbon atom is
attached to a hydrogen atom from alternate sides of the plane.
In response to the addition of hydrogens, the carbon atoms are
displaced out of the plane toward hydrogen atoms. In short,
the carbon atoms in graphane are no longer planar.

The unit cell of SSHGraphene also contains four atoms, two
carbons and two hydrogens. We carried out full optimization
of the unit cell, including both the unit cell geometry and the
atomic positions. The optimized geometry of SSHGraphene
is shown in Figure 1. As seen from the figure, the cell is
similar to that of graphene, except that the lattice parameter
for SSHGraphene is now enlarged to 2.82 Å, which is larger
than graphane (2.51 Å) as well. Notice that the enhancement is
necessary in order to accommodate the hydrogen atoms, as the
unoptimized unit cell of graphene does not favor the complete
hydrogenation. The increase in the lattice parameter is due to
the increase in the carbon-carbon bonds, which is increased
from 1.42 (in graphene) to 1.63 Å. The increase in the bond
length upon hydrogenation is not surprising, as the same effect

1.09

1.63

Å

Å

FIG. 1. (Color online) Hexagonal structure SSHGraphene with
carbon and hydrogen atoms shown in darker and lighter shade,
respectively. The structure has the symmetry of graphene and the
carbon atoms are in a single plane (unlike graphane).

TABLE I. A comparison of graphene and SSHGraphene vs
graphone and graphane as reported in the literature.12,13 a is the
lattice parameter, and "E is the binding energy (eV).

SSHGraphene

Graphene Graphone12 Graphane13 HSE PBE

a(Å) 2.46 – 2.51 2.82 2.83
C-C (Å) 1.42 1.50 1.52 1.63 1.64
C-H (Å) – 1.16 1.11 1.09 1.08
"E/atom 9.56 – 6.56 5.90 5.54

is also seen in graphane. Similarly, as expected, upon single-
sided hydrogenation the carbon atoms remain in one plane with
the hydrogens forming another plane at 1.09 Å. This is a typical
bond length of C-H when bonded covalently. (In methane, for
example, the bond lengths are also 1.09 Å.) To summarize, a
comparison of (available) structural parameters of graphene,
graphone, graphane, and SSHGraphene are given in Table I. It
also shows the binding energy per atom, which is the signature
of energetic stability of the system. The binding energy for
SSHGraphene is calculated using the pseudoatomic energies of
carbon (EC) and hydrogen (EH) atoms and using "E = EC +
EH − ESSHGraphene, where ESSHGraphene is the total energy of
SSHGraphene. Thus, the higher the energy the more stable the
system. The binding energies for graphene and graphane are as
reported in the literature.13 The overall trend is quite straight-
forward. Graphene, having the smallest C-C bond, is the most
stable of all. Although not as stable as others, SSHGraphene is
still strongly bound. To put it in perspective, recall that benzene
has the binding energy 6.49 eV/atom while acetylene has 5.90
eV/atom,13 and both are among the most stable hydrocarbons.
Thus there is no doubt that SSHGraphene is indeed very stable.
Further, we studied the reaction pathway of the hydrogen
detachment using nudge-elastic-band method. Two cases were
considered: desorption of 50% H atoms (one H per primitive
cell) and desorption of effectively single H atom (one H from
2×2 unit cell). The potential energy landscapes obtained, see
Fig. 2, clearly depict one deep potential well at 1.08 Å. The
presence of the deep well and the absence of any other well
in the vicinity clearly favors the formation of SSHGraphene.
(More details in Supplemental Material.30) We would like to
mention that synthesis of the SSHGraphene may be similar to
graphane in which the hydrogen atoms are kinetically trapped
in the potential-energy minimum near the graphene plane.

It is well known that the graphene band structure is very
sensitive to deformations of any kind. As noted before, there
is a clear evidence that upon partial hydrogenation the band
gap of graphene is opened. It is thus easy to conjecture
that the SSHGraphene would be a semiconductor. However,
the most remarkable feature of SSHGraphene is that it is a
semiconductor with an indirect band gap. The band structure
of SSHGraphene shown in the upper part of Fig. 3 clearly
exhibits an indirect band gap. The value of the gap is 1.35 eV
for HSE and 1.89 eV for PBE functional. The qualitative nature
of band structure remains unchanged. This value of the band
gap is of interest as it lies in between the gapless graphene
and the rather wide band-gap graphane (3.5 eV by DFT and
5.4 eV by GW method31). Thus, SSHGraphene becomes a
preferred organic candidate for semiconductor based devices.
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Challenge IV 
Select and measure only electrons at the beta decay endpoint 

(reject 1016 events per second) 

Challenge III 
Transport each single electron (1016 Hz) to the EM filter unperturbed 

ΔE < 0.05 eV 



KATRIN 
Karlsruhe Tritium Neutrino Experiment 

Aim at direct neutrino mass measurement through the 
study of the 3H endpoint (Qβ =18.59 keV, t1/2=12.32 years) 
 
 
 
 
Phase I 
   Energy resolution: 0.93 eV 
   Tritium mass: ∼ 0.1 mg 
   Noise level 10 mHz 
   Sensitivity to νe mass: 0.2 eV 
 

Magnetic Adiabatic Collimator + Electrostatic filter 



MAC-E filter 
Low magnetic gradient adiabatically transforms cyclotron trajectories into 
longitudinal motion 
 
 
 
Electric field sets the energy cutoff 

€ 

µ =
E⊥
B

€ 

ΔE
E

=
Bmin
Bmax

If the threshold is set at ~1eV the event rate reduction is ~ (ΔE/Q)3 = 1.55 10-13 

                (for comparison, the activity of 1 g of T is of 3.6 10+14 Hz) 

0.03 T 

+ + − 



Christian Weinheimer Determination of the absolute electron (anti) neutrino mass, ECT*, April 2016 8

Tritium source Transport section
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The Karlsruhe Tritium Neutrino Experiment 
KATRIN - overview

Sensitivity on m(νe):

2 eV  →  200 meV

new

70m length for a target of 1011 Bq (about 300 µg !!!) 





KATRIN 
Karlsruhe Tritium Neutrino Experiment 

Aim at direct neutrino mass measurement through the 
study of the 3H endpoint (Qβ =18.59 keV, t1/2=12.32 years) 
 
 
 
 
Phase I 
   Energy resolution: 0.93 eV 
   Tritium mass: ∼ 0.1 mg 
   Noise level 10 mHz 
   Sensitivity to νe mass: 0.2 eV 
 

Magnetic Adiabatic Collimator + Electrostatic filter 



Challenge IV 
Select and measure only electrons at the beta decay endpoint 

(reject 1016 events per second) 

Challenge IV 
Select only electrons at the beta decay endpoint 

(reject 1016 events per second) 

Challenge V 
Measure electrons with very good resolution 

σ(E) < 0.05 eV 



First detection of single electron 
cyclotron radiation 

Phys.Rev.Lett. 114(2015)162501 

Thread electron trajectories through an array of RF antennas with wide bandwidth 
(few x10-5) in order to identify cyclotron RF signal (~26 GHz @ 1T) with few eV 
resolution (transit times of order 0.2 msec) 
 
In case of candidate event set the EM filter voltages accordingly (see next slides) 
 

RF triggering and EM filter “tune” 

Ee 

kT 



New concept EM filter 

Magnetic drifts: 

E x B drift 

Δ B drift 

E 

B 

Δ |    | B 

M.G. Betti et al., Prog. Part. Nucl. Phys. 106 (2019) 120-131 

First adiabatic invariant: 

Static fields configuration � 



New concept EM filter 
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M.G. Betti et al., Prog. Part. Nucl. Phys. 106 (2019) 120-131 
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New concept EM filter 
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M.G. Betti et al., Prog. Part. Nucl. Phys. 106 (2019) 120-131 
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E x B drift 
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First adiabatic invariant: 

Static fields configuration 

drift 



New concept EM filter 

negative potential walls Top view Side view 



New concept EM filter 
Dynamic tuning 

3H target  RF pickup                                  EM filter 
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New concept EM filter 
Dynamic tuning 
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Electron calorimeter with an energy resolution 
good enough to resolve the neutrino mass 

10÷100eV electron can be stopped with very 
small C (104 smaller than for X-ray) 

Cryogenic Transition Edge Sensors (TES) 

ΔE=0.11 eV for 0.8 eV IR photon already 
achieved @ 106 mK (10x10 µm2) at INRiM 

 
 

Large area, low TC, 38 nm thickness (t) 
TiAu TES produced, tests ongoing 



Major technological challenges 
towards the full scale PTOLEMY detector 

•  Assemble a 100 g (35x1015 Bq) tritium target 
 Modular design highly packed source and E x B drift 

 
•  Reduce target induced Ee smearing due to molecular effects 

 New source: Tritiated-Graphene or Cryogenic Au(111)   

•  Decimate the huge background event rate (1014 Hz/g) 
 RF detection can provide 1010 reduction factor 

•  Compress a 70m spectrometer length (KATRIN) down to meter scale 
 New concept EM filter 

 
•  Measure the electron energy with σE better than O(0.05 eV) 

 TES array with SQUID multiplexing read-out 



A lot of R&D is still needed but   
  building blocks are there... 

 
          …and… 
 
 



A lot of R&D is still needed but   
  building blocks are there... 

 
  
 

    …see next talk !  



Thank you 



PTOLEMY prototype layout 

Trigger and measure 
of E and kT 

Dynamic EM filter 
for kT removal 

Etot = q(Vcal - Vsource) + Ecal 

1 m 

Static electric and magnetic fields are used 



PTOLEMY prototype layout 

Trigger and measure 
of E and kT 

Dynamic EM filter 
kT removal 



PTOLEMY prototype layout 

Trigger and measure 
of E and kT 

Dynamic EM filter 
kT removal 



PTOLEMY prototype layout 

Trigger and measure 
of E and kT 

Dynamic EM filter 
kT removal 



PTOLEMY prototype layout 

Trigger and measure 
of E and kT 

Dynamic EM filter 
kT removal 



PTOLEMY programme 

A lot of R&D to be done but… 
 
  ...what was “impossible” a few years ago is now merely “challenging” 
 
 
The PTOLEMY Collaboration is actively working at LNGS and in local 
laboratories in order to produce a TDR for the detector prototype in 
three years from now 
 
Many (interesting) activities are ongoing but many (smart) ideas are 
still needed ! 



Relic Antineutrino Detection 
using EC decaying nuclei (a) 

νe + e- + (A,Z) → (A,Z-1) + X 

The lack of a suitable final state prevents the use of this reaction to 
detect CνB unless either: 
 
  1) there exist an excited level (either atomic or nuclear) with energy 
                                                                         Eo = QEC – EK + mν 
 
  2) the captured electron is “off-mass” shell  meff = me – Eo 
 
  3) it exist a nucleus A (stable) for which QEC = EK –  mν  

- 



Relic Antineutrino Detection 
using EC decaying nuclei (b) 

νe + (A,Z) → (A,Z-1) + e+  

The energy threshold prevents the use of this reaction to detect CνB  
unless: 
 

1)  use CνB as a target for accelerated fully ionized beam 

        • EC decay is inhibited (no electrons to be captured) 
         
          • Ions should have 

• Interaction rate is given by 
 
 
For allowed transitions and 
using nν= 56, Ethr=10 eV : 

Too slow to be detected ! 

- 



Relic Antineutrino Detection 
using EC decaying nuclei (b) 

νe + (A,Z) → (A,Z-1) + e+  

 
2)  there exist a nucleus for which 

2me - mν < QEC < 2me + mν  

In this case: 
 
 • the reaction has no energy threshold on the incoming antineutrino 
 
 • unique signature since β+ decay is forbidden 
 
 • cross section is evaluated using EC decay observables 

- 

More details in: AGC, M.Messina and G.Mangano Phys. Rev. D79(2009)053009 



Graphene Targets for directional DM detection 
Two Concepts 

Sub-GeV Dark Matter Detection with  
Electron Recoils in Carbon Nanotubes

G.Cavoto, F.Luchetta, A.D.Polosa  
(Sapienza - INFN Roma)

CARBON NANOTUBES FOR  
    DARK MATTER DIRECTIONAL SEARCHES

WIMP

Electron 

Self-instrumented with G-FETs Anisotropy of aligned CNTs 

PTOLEMY-G3 PTOLEMY-CNT 
PTOLEMY-G3 PTOLEMY-CNT 



Direction Detection of MeV Dark Matter 

PTOLEMY-G3 PTOLEMY-CNT 

Self-instrumented with G-FETs Anisotropy of aligned CNTs 

Physics Letters B776 (2018) 338 Physics Letters B772 (2017) 239 


