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OUTLINE

• Short physics introduction

• PTOLEMY detector concept 

• Conclusion and Outlook

2



3

The Gold-mine of Cosmologist
CMB: The oldest electromagnetic radiation in the universe

• Universe is expanding: Hubble’s law: v = H0D ( ~70 km/s/Mpc), 1919.

• Cosmic microwave background, Penzias & Wilson, 1964
• Abundance of primordial elements: 4He, 2H, 7Li (?)
• Galaxies morphology and stars populations in time

• Primordial gas cloud (without heavy elements), 2011
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The Big Bang
The present Universe 

emerges
from an Ultra-dense and 

high temperature 
initial state

𝛎 decoupling

Time of decoupling:
1 second

neutron/proton ratio
@start of nucleosynthesis

Temperature:
T𝝂=1.95 K

Number density:
n𝝂=112/cm3

Velocity distribution:
<v𝝂> ~T𝝂/m𝝂



NEUTRINO FEATURES
• What we do know about neutrinos:

• What we don’t know about neutrinos:
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they are massive well measured Δ𝑚!
"

cosmic neutrino background 
should be out there

absolute mass 
scale

(𝑚# < 0.8eV)

mass ordering
(50𝑚𝑒𝑉 < 𝑚light ≃ 𝑚$or 𝑚%)

cosmic neutrino background 
yet to be seen

[KATRIN — Nature Phys. 2022, 2105.08533]
From Cosmology several 
limits at 95 % CL on 𝜮m𝝂

from 0.56 to 0.11 eV 
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PTOLEMY - RELIC NEUTRINO DETECTION 
STRATEGYBackground

Signal

JCAP7-06-015

signal

background



DETECTOR CONCEPT
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New concept: Transverse drift filter
18.6 keV ➠ 0.01 keV in 0.7 meters

simulated in KASSIOPEIA
software by the KATRIN collaboration

T 
in atomic form Trigger and selection Differential energy 

measurement

• PTOLEMY aims at using TES detectors
with an envisaged resolution of Δ𝐸 ≃ 0.05eV

Prog.Part.Nucl.Phys. 106 (2019) 120-131
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PTOLEMY ~1m3

Transverse Drift filter
Magnetic Adiabatic Invariance

𝜇 =
𝑝!"

𝑞𝐵
= 𝑐𝑜𝑠𝑡

No Collimation: -𝛁𝑩!𝑩
Filter (E-Field)

𝒅𝑻"
𝒅𝒕

= 𝝁
𝑩𝟐
𝑬 3 (𝛁𝑩𝒙𝑩)

ELECTROMAGNETIC FILTERS



PTOLEMY FILTER CONCEPT
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II: μ
B2
∇𝐶 × 𝐶 drift, with magnetic moment  𝜇𝜇 = 𝑚𝑚𝑒𝑒𝑣𝑣⊥
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2𝐵𝐵

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

Auke Pieter Colijn (PATRAS 2019)

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

2

2𝐵𝐵

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

y

z

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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/0% )
/) 	

Enforce zero drift in y (rotate E):

x x



BOBSLEDDING (PUSHING ELECTRON UP POTENTIAL)
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Transverse “Selector”
(one channel)

Dynamically Adjusted
(side channels)

to Total Energy “Selector”



• A new electromagnetic filter idea based on 
RF detection and dynamic E setting

PTOLEMY: THE IDEA
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[see PTOLEMY — 1810.06703; PTOLEMY — JINST 2022, 2108.10388]



PTOLEMY: THE IDEA
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first measurement of the energy via 
cyclotron RF emission (∼ 10𝜇s)

• A new electromagnetic filter idea based on 
RF detection and dynamic E setting

[see PTOLEMY — 1810.06703; PTOLEMY — JINST 2022, 2108.10388]



=
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first measurement of the energy via 
cyclotron RF emission (∼ 10𝜇s) enter if within ∼ 10eV from 

endpoint

[see PTOLEMY — 1810.06703; PTOLEMY — JINST 2022, 2108.10388]

• A new electromagnetic filter idea based on 
RF detection and dynamic E setting



PTOLEMY: THE IDEA
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first measurement of the energy via cyclotron 
RF emission (∼ 10𝜇s)

collimate and 
slow down

enter if within ∼ 10eV from 
endpoint

• A new electromagnetic filter idea based on 
RF detection and dynamic E setting

[see PTOLEMY — 1810.06703; PTOLEMY — JINST 2022, 2108.10388]

𝜟V known to 1 ppm precision



Many R&Ds 
ongoing to

show the feasibility of the PTOLEMY detector



HV STABILITY AND MONITORING
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Diodes box
Field mill box

High precision voltmeter
Keysight®

Power supply 
Bertan®

1000 V / board

Single board
s = 0.3 mV

Expect √Nboards :
~1.4mV@20kV

Field Mill ~50mV

environmental parameter stabilization (dT ~ 0.1°C, Pressure < 1mBar, humidity 0%)

@LNGS
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Gap Opening in Double-Sided Highly Hydrogenated Free-Standing
Graphene
Maria Grazia Betti,* Ernesto Placidi, Chiara Izzo, Elena Blundo, Antonio Polimeni, Marco Sbroscia,
José Avila, Pavel Dudin, Kailong Hu, Yoshikazu Ito, Deborah Prezzi,* Miki Bonacci, Elisa Molinari,
and Carlo Mariani

Cite This: Nano Lett. 2022, 22, 2971−2977 Read Online
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ABSTRACT: Conversion of free-standing graphene into pure
graphanewhere each C atom is sp3 bound to a hydrogen atom
has not been achieved so far, in spite of numerous experimental
attempts. Here, we obtain an unprecedented level of hydro-
genation (≈90% of sp3 bonds) by exposing fully free-standing
nanoporous samplesconstituted by a single to a few veils of
smoothly rippled grapheneto atomic hydrogen in ultrahigh
vacuum. Such a controlled hydrogenation of high-quality and high-
specific-area samples converts the original conductive graphene
into a wide gap semiconductor, with the valence band maximum
(VBM) ∼ 3.5 eV below the Fermi level, as monitored by
photoemission spectromicroscopy and confirmed by theoretical
predictions. In fact, the calculated band structure unequivocally
identifies the achievement of a stable, double-sided fully hydrogenated configuration, with gap opening and no trace of π states, in
excellent agreement with the experimental results.
KEYWORDS: graphane, nanoporous graphene, hydrogen functionalization, spectromicroscopy, density functional theory, GW calculations

■ INTRODUCTION
Maximum storage of hydrogen in carbon-based materials is
ideally achieved in graphene by forming the so-called graphane,
where each carbon atom in the honeycomb lattice is bound to
hydrogen with alternately up and down sp3 distorted bonds. In
graphane, the conjugation of graphene π electrons is thus
disrupted, leading to an insulating behavior with band gap
predicted to depend on the H chemisorption configuration.1,2

Experimentally, however, only a low H storage capacity has
been reached so far (∼36 at. %) on single-layer graphene3−14

with non-negligible contamination and defects. The maximum
H uptake depends on both the morphology of graphene
specimens (substrate-supported, transferred flakes, etc.) and
the hydrogenation methods. Several attempts to incorporate a
high percentage of hydrogen have been carried out in the last
decades, exploiting a variety of strategies on different samples.
Hot6,7,10 and cold4,14 plasma deposition and molecular H2
high-temperature cracking5,9 were applied to exfoliated
graphene layers,3,10 to chemical-vapor-deposition (CVD)
grown flakes,6,15,16 or even to metal−supported sam-
ples,5,8,9,11,17 reaching at most a partial hydrogenation of
monolayer graphene, with an upper limit of H uptake Θ ∼ 36
at. %,14 while an almost stoichiometric bulk graphane has been
obtained from halogenated reduced wrinkled and layered
graphenes.18 The limit of hydrogenation in single-layer

graphene can be due to several concurrent drawbacks, such
as oxygen contamination, the influence of the substrate, and
the presence of defects/edges in graphene flakes (either pre-
existing or induced by the hydrogenation itself).
A crucial challenge to fully exploit graphene for hydrogen

storage is to employ defect-free graphene specimens with very
high specific surface area, where hydrogen can adsorb strongly
enough on the surface as to form a thermodynamically stable
arrangement, achieving an ideal graphane pattern. Nanoporous
graphene (NPG)constituted by a compact, bicontinuous
interconnected 3D arrangement of high-quality graphene veils,
composed of one to a few weakly interacting layers19,20can
present great advantages to achieve a high uptake of hydrogen
in graphene. The free-standing, curved structure at the
submicrometer scale, with intrinsically smooth rippling, can
foster hydrogen chemisorption, favored by the increased
electron affinity of hydrogen and the energy barrier decrease

Received: January 13, 2022
Revised: March 10, 2022
Published: March 16, 2022

Letterpubs.acs.org/NanoLett

© 2022 The Authors. Published by
American Chemical Society
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• Preliminary studies show that this is a feasible solution

• When passivated with hydrogen, 

the nanotube potential looks like

ALTERNATIVES
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external B-field could also prevent the formation of 
molecules if two atoms are in the same nanotube

[PTOLEMY — 2203.11228]

potential perpendicular to the axis

Fullerene sphere with single T atom
very promising even though prototypal idea
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E_e=e(V_cal-V_target )+E_cal

𝝙EFWHM = 0.022 eV @ 0.8 eV

𝝙EFWHM = 0.05 eV @ 10 eV

CALORIMETER



20

Being rebuilt at LNGS in a larger size.
DEMONSTRATOR MAGNET

Simulated B-map

Measured B field shape as expected

80 cm 

Princeton magnet test bench Filter electrodes
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A taste of the results that PTOLEMY 
can achieve

Even in absence of capture events spectral analysis will allow to achieve mass measurement with the percentage
uncertainty reported below: energy resolution versus lights neutrino mass for 10 mg x yr of exposures



• PTOLEMY aims at detecting cosmic neutrino background on  a long term time scale

• The detector prototype will be ready at LNGS by next year 

• Prototype baseline option is:  T embedded on graphene; New concept EM filter in final 
configuration; electron energy resolution measured in several steps (MCP/SDD). Ultimately 
operate TES with sub-eV energy resolution.

• Possible intermediate results from Prototype on neutrino mass measurements

• Ultimate goals of demonstrator: instrumented mass ~ hundreds of 𝜇g, energy resolution 50-
100 meV,  T storage solution will come from optimisation of  atomic T support structure.  
Time scale 5 years.
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Conclusion and Outlooks



BACK UP

23Angelo Esposito — IAS 33rd Rencontres de Blois, May 2022



• Distributing tritium on flat graphene has one 
drawback

• A simple semi-classical calculation returns

Δ𝐾" =
𝐩!⋅𝚫𝐩"
&#!

∼ '!
(#!

)
*+"

∼ 0.6 − 0.8eV

QUANTUM SPREAD
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spatially localized 
tritium

uncertainty on 
tritium’s momentum

spread in final 
electron energy

spread of initial tritium 
wave function

an order of magnitude 
larger than the wanted 

energy accuracy



• A more accurate calculation for the rate, 
including different final states, gives

QUANTUM SPREAD
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• A more accurate calculation for the rate, 
including different final states, gives

QUANTUM SPREAD
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(He) is mostly freed from 
the graphene               the 

cosmic neutrino peak 
disappears under the decay 

spectrum



• A more accurate calculation for the rate, 
including different final states, gives

QUANTUM SPREAD
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(He) is mostly freed from 
the graphene               the 

cosmic neutrino peak 
disappears under the decay 

spectrum

When the (He) remains 
bound in the ground state the 

peak is well separated               
it is however exponentially 

unlikely



• To reduce the quantum spread we need to 
delocalize the initial tritium (Δ𝑥, ∼ fewÅ should 
be enough)               try to realize an 
approximate momentum eigenstate

A POSSIBLE SOLUTION

28=



• To reduce the quantum spread we need to 
delocalize the initial tritium (Δ𝑥, ∼ fewÅ should 
be enough)               try to realize an 
approximate momentum eigenstate

• One proposal: hydrogenated carbon 
nanotubes

A POSSIBLE SOLUTION

29

free to move in this direction

confined in 
this direction



• Preliminary studies show that this is a feasible 
solution

• When passivated with hydrogen, the 
nanotube potential looks like

A POSSIBLE SOLUTION
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potential along the axis

external B-field could also prevent the formation of 
molecules if two atoms are in the same nanotube

potential perpendicular to the axis



• The reason to passivate the nanotubes with 
hydrogen is to prevent the tritium from 
sticking to the walls

WHY HYDROGENATED 
NANOTUBES?

31



• The tritium-graphene potential 
is strongly dependent on coverage 
and curvature of the sheet

• For very concave sheets (nanotube)
the potential is essentially not 
binding anymore

• The highest the coverage the
deeper is the potential 

TRITIUM-GRAPHENE 
POTENTIAL

32



• Two extreme cases for the !He" wave function (near the endpoint)

• Free helium:
𝜓!"(𝐱) ∼ 𝑒#𝐤!"⋅𝐱 ⟹ℳ'# ∼ exp −Δ𝑥()|𝐤!" + 𝐤"|)

• maximize the probability when 𝐤#$ ≃ −𝐤$ probability is 
maximum in a region Δ𝑘#$ ∼ 1/Δ𝑥% large quantum spread

• Bound helium:
𝜓!"(𝐱) ≃ 𝜓((𝐱) ⟹ℳ'# ∼ exp −Δ𝑥()𝑘") ≪ 1

• no spread               but the event is exponentially unlikely

MORE DETAILS ON THE 
ELECTRON SPECTRUM
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