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Neutrinos sources across the Cosmos



Relic Neutrino Background
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nn = 112/cm3

Number density:

Tn ~ 1.95K
( p ~ 0.17 meV)

Temperature:



Relic Neutrino Capture
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Tritium β-decay
(12.3 yr half-life)

EK =  18.6 keV

M.G. Betti et al
JCAP 07(2019)047

Gap (2m) constrained to 
m ≲ 200meV

from precision 
cosmology

Neutrino flavor expected 
with  m ≳50meV
from oscillations

Ptolemy aim: <50meV
100g of T

S. Weinberg [Phys. Rev. 128:3, 1457 (1962)]
A.G.Cocco, G.Mangano and M.Messina. 
[JCAP 06(2007)015 DOI: 10.1088/1475-
7516/2007/06/015]

https://doi.org/10.1088/1475-7516/2007/06/015
https://doi.org/10.1088/1475-7516/2007/06/015


More than 40 physicists and 22 I institutions



PTOLEMY Basic concept
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Calorimeter:  TES µCal
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Thin sensors:
~1 eV electron can be stopped 

with very small C

20x20 µm

100x100 µm

10x10 µm 50x50 µm

Mauro Rajteri, Eugenio Monticone and others, https://doi.org/10.1007/s10909-019-02271-x
“TES Microcalorimeter for PTOLEMY”, J. Low Temp. Phys. 199 (2020) 138-142.

C. Pepe, E. Monticone, M. Rajteri

https://doi.org/10.1007/s10909-019-02271-x


3 photons

λ= 1540 nm
(0.8 eV)

World-record TES calorimeter
w/50 meV resolution for CNB neutrinos
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Infrared
Photons

1% energy resolution at optical photon energies, i.e.
measures the wavelength of a 500nm photon to a few nm

C. Pepe, E. Monticone, M. Rajteri



Ptolemy filter concept

II: μ
B2
∇𝐶 × 𝐶 drift, with magnetic moment  𝜇𝜇 = 𝑚𝑚𝑒𝑒𝑣𝑣⊥
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PTOLEMY: two types of drift

I: E × 𝐶 drift
1. net drift, 𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐸𝐸/𝐵𝐵

2. no work, drift along equipotential planes

cyclotron motion – detectable RF

1. net drift, 𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝜇𝜇 ∇𝐵𝐵
𝐵𝐵

2. Allows E field to work (!): 𝑑𝑑𝑇𝑇⊥
𝑑𝑑𝑑𝑑

= 𝑒𝑒𝐸𝐸 ⋅ 𝑣⃗𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
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the e�z/� term is substituted for by the normalized sampled Bx-component along the center
line when the filter voltages are actually set.

Figure 5: rB?, µ, and VrB for a pitch 90� electron with initial transverse kinetic energy 18.6 keV in
a 3T initial magnetic field.

Unlike the analytical conditions used in [4], the non-zero aspect ratio of the filter and the
introduction of a transition region from uniform to decaying field require corrections to the
above voltages until precise drift balancing is achieved. Drift balancing can be calculated
explicitly with the precision magnetic field map. The gradient-B drift is nominally

VrB(z)|x,y=0 = �µ⇥r?B(z)

qB(z)
(17)

where µ is taken to be adiabatically invariant in areas of low magnetic field gradient. In
reality, the transition from uniform to decaying field introduces a region of high gradient at the
beginning of the filter and µ is increased within the level of a few percent as shown in Figure 5,
leading to a corresponding change in gradient-B drift. Along the center line, the By and Bz

components are nearly zero and therefore the magnitude B(z) ⇡ Bx(z), and the transverse
gradient r?B(z) ⇡ dBx/dz, leading to

VrB(z)|x,y=0 = � µ

qBx

dBx

dz
ŷ (18)

The y-component of E ⇥B drift that counteracts the gradient-B drift is

V y
E⇥B(z)|x,y=0 =

E ⇥B

B2
x

=
EzBxŷ

B2
x

=
Ez

Bx
ŷ (19)

The sum of the two drifts should be zero; this is the drift balancing condition and yields
an expression for Ez that leads to the potential (12). If the voltages (16) are used without
correction, the actual net-drift that results is non-zero (Figure 6).

To correct the electrode voltages, the residual between the observed potential and the idealized
potential (12) is added as a correction term to the voltages (16). The adjustment is made
only to the positive-y voltages. This procedure is repeated until a desired level of convergence
with (12) or desired level of filter performance is achieved. Explicitly, the voltages for the ith
iteration, Vy+ [i], are set by

Vy+ [i] = Vy+ [i� 1] + 2 (�ideal � �[i� 1]) (20)

where Vy+ [i � 1] and �[i � 1] are the voltages and potential from the previous iteration, and
�ideal is the solution (12). A factor of two is attached to the residual to reduce the number of
iterations.
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Enforce zero drift in y (rotate E)

A.P Colijn, (PATRAS2019)



Ptolemy filter

Simulations with KASSIOPEIA
code (KATRIN) and Lorentz4
(N. Rossi, M. Messina, LNGS)
https://github.com/gkrossi/lorentz4

https://github.com/gkrossi/lorentz4


Filter Performance
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Figure 6: �� and net GCS y-velocity along the center line for several rounds of iteration starting with
a 3T initial field. The quadrupole point of the magnetic field and the end of the filter electrodes are
indicated with dotted lines.

Figure 7: Di↵erence in filter performance for 1T vs. 3T starting magnetic field. The initial transverse
kinetic energy of the electron is 18.6 keV. The final GCS transverse kinetic energy is 1.2 eV for 3T and
9.3 eV for 1T. The growth of the cyclotron radius of the electron as B decreases puts a ceiling on filter
performance for a given y0. The GCS trajectories are calculated from the instantaneous trajectories
by averaging values over one cyclotron orbit. The beginning and end of a single cyclotron orbit is
defined by intervals in which the instantaneous y and z velocities of the electron change sign twice in
an alternating fashion, indicating circular motion.

For dimensions y0/x0 = 1.5/5 cm and a starting field of 3T, the di↵erence in � compared to
the ideal and the net y-velocity along the center line for several rounds of iteration are shown
in Figure 6. It is favorable to minimize the potential di↵erence in the transition region z = 0 to
keep the electron from falling o↵ the center line early on; the net y-drift is not in practice exactly
zero but is nearly constant for the majority of the filter and can be counterbalanced by o↵sets
in the starting y-position of the electron. Figure 7 shows the di↵erence in filter performance as
discussed at the end of the previous section for an initial magnetic field of 1T vs. 3T.
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https://arxiv.org/abs/2108.10388PTOLEMY Collaboration, 
“Implementation and Optimization of the PTOLEMY Electromagnetic Filter”

Improves as B2 for a fixed filter dimension
18.6 keV @ 1T à ~10eV (in 0.4m)
18.6 keV @ 3T à ~1eV (in 0.6m)

https://iopscience.iop.org/article/10.1088/1748-0221/17/05/P05021

https://arxiv.org/abs/2108.10388
https://iopscience.iop.org/article/10.1088/1748-0221/17/05/P05021


Zero field (location for TES microcalorimeter)

Wonyong Chung

Andi
Tan

PTOLEMY
filter@Princeton

First Version of the PTOLEMY filter
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RF pickup region

Filter region



Andi Tan (Princeton)

RF pick-up
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Downconverter 
Input: RF signal (26 GHz)+high precision oscillator

Output: down-sampled signal at around 1 GHz

FPGA for online signal processing (online FFT) 

RF electronics

Nikhef



atomic H as a tool to ‘pinch’ the sp2 bonds towards an sp3 configuration while 
maintaining the planar nature of graphene

sp3 H-C bond

Target: Tritium on graphene

H2 flow into a capillary with hot-spot (~2000 C) in 
UHV à more than 95% molecules cracked in 

atomic H concentrated onto the sample



Betti et alii, Nano Lett. 22, 2971 (2022)

Hydrogen and Deuterium on (nanoporous) 
graphene



• Distributing tritium on flat graphene has one drawback

• A simple semi-classical estimate:

QUANTUM SPREAD

7Angelo Esposito — IAS

spatially localized 
tritium

uncertainty on 
tritium’s momentum

spread in final 
electron energy

[Cheipesh, Cheianov, Boyarsky — PRD 2021, 2101.10069]

NuMass 2022

spread of initial tritium wave 
function (ΔxT ∼ 0.1 Å)

an order of magnitude 
larger than the wanted 

energy accuracy

fluctuating momenta
pT = ΔpT

pHe = p̄He + ΔpHe
pe = p̄e + Δpe

energy and momentum conservation returns

ΔEe ≃
pe ⋅ ΔpT

EHe
∼ pe

mHe

1
ΔxT

∼ 0.6 − 0.8 eV

Heisenberg effect

18



Alternative substrates

Concave substrate: flatter potential
• Carbon nanotubes

• X and Y different
• Recombination in the tubes

• Fullerenes

V. Tozzini (I. Nanoscienze)



Beyond Tritium?

500x smaller cross-section
30x smaller cross-section

0. Mikulenko, Y. Cheipesh, V. Cheianov, A. Boyarsky, 
arXiv:2111.09292 (2021)

800x smaller cross-section

N. De Groot, J. Phy.s G50 055106 (2023)
DOI 10.1088/1361-6471/acc5fc

241Pu 14.3 241Am 20.8 0.04

The bad news: 2 x 10-5 a-decay to 237U which decays in 6 days to 237Np, Q = 459 keV
• Use recoil ?
• Veto gammas from 237U-decay
• Maybe gaseous target (PuF6) with regeneration to filter Am and U for mass measurement
• Sterile neutrinos: Magneto-n @LLNL (https://indico.cern.ch/event/1188759/contributions/5244403/)
• Not for solid target an CNB
• Tritium still the only serious option for relic neutrino detection!

https://indico.cern.ch/event/1188759/contributions/5244403/


Hydrogenation of Graphene

Transfer Curve:
• Gate voltage
• Electron mobility
• Temperature effect
• Charging efects
• Impurities

SiO2 
gate insulator

Si backgate

graphene
Au contacts

O. Zheliuk (Radboud)



Hydrogenation of Graphene

• Work in process
• Many transient effects
• Annealing reduces resistance
• 180o removes contamination
• 400o removes hydrogen

Next: quantum hall, tritium, 
spectroscopy



Conclusions

• Ptolemy aims to measure the CNB
• An energy resolution of 50meV or better is required
• Many experimental challenges (target, RF, filter, calorimeter)
• Vibrant research programme
• Good progress towards demonstrator
• Many challenges still remain (target)
• Tritium still the best option, vital role for KIT

Many activities not covered


