
Alfredo G. Cocco 
Istituto Nazionale di Fisica Nucleare 

(Italy) 

The PTOLEMY experiment 
Towards Cosmological Relic Neutrino detection 

Warwick Univ., October 26th, 2017 
International Workshop on Next 

GenerationNucleon Decay 
and Neutrino Detectors (NNN17) 



 Neutral atoms 
(CMB) 



Neutrinos decouple 
(CνB) 

 Neutral atoms 
(CMB) 



Cosmological Relic Neutrino Background (CνB) 
In the Big-Bang scenario neutrinos decoupled when T ~ MeV 
 
This happened about 1 s after the Universe was born 
             ⇒ ν are the oldest “detectable” relics !! 
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“Thermal” spectrum 



Since the energy of relic neutrino is so small collective 
interactions (“coherent”,  order      or         ) are a natural 
choice (however, the effect is not measurable !) 
 
 
but….. 
 
 
is direct detection possible ? 
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Neutrino capture on β± decaying nuclei 
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Nuclear Beta decay 

Neutrino Capture on a 
Beta Decaying Nucleus 

(NCB) (A, Z) (A, Z + 1) 

This process has no energy threshold ! 
Cross section is non vanishing ! 
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NCB Cross Section Evaluation 
The case of Tritium 

Using the expression 

we obtain 

where the error is due to Fermi and Gamow-Teller matrix 
element uncertainties 

Using shape factors ratio 

where the error is due only to uncertainties on Qβ  and t1/2 

= 

= 



Relic Neutrino Detection 
using β± decaying nuclei 

In the case of Tritium we estimate that 7.5 neutrino capture events 
per year are obtained using a total mass of 100 g 

FD = Fermi-Dirac  NFW= Navarro,Frenk and White 
MW=Milky Way (Ringwald, Wong) 

In case of CνB gravitational clustering we expect 
a significant signal enhancement 



Relic Neutrino Detection 
signal to background ratio 

In the case of Tritium (and using nν=50) we found that 

The ratio between capture (λν) and beta decay rate (λβ) is obtained  
using the same nuclear shape factor parametrization 



The effect of mν≠ 0 

Neutrino masses of the order of 1 eV are compatible with 
the present picture of our Universe 



Neutrino capture on β± decaying nuclei  

Nuclear Beta decay Qβ 

mν 
Te 

Qβ 

mν Te 

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 



Relic Neutrino Detection 
signal to background ratio 

Observing the last 
energy bins of width Δ 

Δ 

It works for Δ<mν 

dn/dTe β 

mν Te 

2mν 

Δ Δ Δ 

where the last term is the probability for a beta decay electron 
at the endpoint to be measured beyond the 2mν gap 



Signal to background ratio depends crucially on the energy resolution (Δ) 
at the beta decay endpoint (It works 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 it would take one and a half year to observe a 5σ effect 

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

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



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



The PTOLEMY prototype 
@ Princeton 



R&D Prototype @ PPPL 
(August 2, 2016) 

Supported by: 

The Simons Foundation 
The John Templeton Foundation 



Robot arm for  
Tritiated graphene 

samples 

R&D Prototype @ PPPL 
(August 2, 2016) 

Supported by: 

The Simons Foundation 
The John Templeton Foundation 

StarCryo 
Microcalorimeter 

Dilution Refrigerator 
Kelvinox MX400 



The PTOLEMY prototype 

R&D Prototype @ PU 
(June 7, 2017) 

Supported by: 
The Simons Foundation 
The John Templeton Foundation 



Three major challenges 
towards the full scale PTOLEMY detector 

�  Reduce target induced Ee smearing (molecular effects) 
  

 
�  Compress a 70m spectrometer length (KATRIN) down to cm scale 

and replicate it 104-106 times (lower precision since final 
measurement made by the microcalorimeter) 
 
 

�  Measure the energy spectrum directly with σE ~ O(0.1 eV) or better 
  



Project8 —

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 (E,B) filter 



Tritiated graphene 

Single atomic layer weakly bound in sp-3 configuration 
 
Single-sided (loaded on substrate) and planar (uniform bond length) 
 
Binding Energy < 3 eV  
 
Source strength with surface densities of ~1 Ci/cm2 (100 µg/cm2) 
 
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.

041402-2



Samples produced at 
Savannah River National Laboratory 

Tritiated graphene target 

Ready to be tested… 

Cold Plasma Loading (PPPL) 
XPS (X-Ray Photoelectron Spectroscopy) 
Analysis: sp2 is from unhydrogenated C atoms. 
sp3 is hydrogenated C atoms. The area ratio of 
sp2 and sp3 is used to calculate H coverage 

40% Hydrogen 
Coverage  



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



 PTOLEMY prototype 
MAC-E filter performances analysis 

Kassiopeia package 
(KATRIN Collaboration) 



New ExB filtering design 

In traditional MAC-E filters, as B drops along the longitudinal kinetic 
energy (KE) of the electron, transverse KE à longitudinal and E*B 
term trades total KE with potential energy – electrons below filter cut-
off bounce (reverse longitudinal momentum) due to E*B 
 
PTOLEMY:  electrons enter at a fixed reference voltage into one end 
of an E*B bottle, as they bounce back and forth, they trade KE for 
potential energy as they slowly ExB drift vertically in the voltage 
potential and also drift into lower B field from transverse ExB drift 
where they exchange transverse KE à longitudinal   

Simulation studies shows promising results 
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RF tracking and time-of-flight 
Thread electron trajectories (magnetic field lines) through an array of Project-8 type 
antennas with wide bandwidth (few x10-5) to identify cyclotron RF signal in transit 
times of order 0.2 msec. The timing resolution expected is ~ 10ns depending on 
micro-calorimeter response. 

First detection of single electron 
cyclotron radiation 

Phys.Rev.Lett. 114(2015)162501 

Thread electron trajectories (magnetic field lines) through an array of 
Project-8 type antennas with wide bandwidth (few x10-5) to identify 
cyclotron RF signal in transit times of order 0.2 msec.  
 

RF tracking and time-of-flight 



Electron calorimeter with an energy resolution 
good enough to resolve the neutrino mass 

10÷100eV electron can be 
stopped with very small C 

(10-4 smaller than for X-ray) 

Fast time response 
Bandwidths of ~1 MHz to record  
~10 kHz of electrons hitting the 

individual sensors 
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Cryogenic Transition Edge Sensors (TES) 



Microcal Energy Resolution 
•  TES microcalorimeters resolution of 0.15eV@100eV (~100mK) are 

no longer the focus 
•  Most TES work is headed toward optical with extremely low heat 

capacitance (small absorber thickness) 

 
 
 
 

 
•  Recent developments shows resolutions of 0.05 eV @ 300 mK !!! 

(Monticone and co-workers – INRIM) 
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Single photon events 
9 

N. Bastidon for ALPS-II  

Timelines  
(source: J. Dreyling) Average pulse  

(source: J. Dreyling) 
Histogram 
of peak 
voltages 

Single IR Photons 

Example:  
 
IR TES cameras 
~0.3 eV resolution achieved 
at 0.8 eV for single IR photons 
 

This was “unrealistic” 10 years ago !! 



Three major challenges 

�  Reduce target induced Ee smearing (molecular effects) 
 New source (Tritiated-Graphene or Cryogenic Au(111)) 

 
�  Compress a 70m spectrometer length (KATRIN) down to cm scale 

and replicate it 104-106 times (lower precision since final 
measurement made by the microcalorimeter) 

 - New ExB filter concept 
 - RF tag/triggering (Project 8 development) 
 - Graphene-FET (G-FET) as a potential trigger system 
     Phys. Lett. B 772(2017)239  
  

�  Measure the energy spectrum directly with σE ~ O(0.1 eV) or better 
 High-resolution electron microcalorimeter 



PTOLEMY prototype programme 

Re-commission Kelvinox MX400 dilution refrigerator 
 

Installation of StarCryo calorimeter 
 

Re-commission magnets 
 

Install central vacuum tank and HV system for MAC-E filter 
 

Install graphene target test sample 
 

Data-taking tests with full setup scheduled by the end of the year 

The prototype will be moved to Laboratori Nazionali del 
GranSasso (ITALY) in 2018 to perform tests in a background 
free underground environment 



PTOLEMY programme 

A lot of R&D to be done and and a lot smart ideas still needed but… 
 
  ...what was “impossible” a few years ago is now merely “challenging” 
 
 
The PTOLEMY “kick-off” meeting will take place in LNGS (Italy) on 
11-12 December in order to start focusing on the full scale project 
  
                     (enthusiastic collaborators are welcome !) 



Thank you 



G-FET 

36 

Scalability to Interdigitated Capacitor 

Principles of Operation: 
-  Tunable meV band gap set by nanoribbon width 

 (Egap ~ 0.8eV/width[nm]) 
-  Large jump in conductivity (~1010 charge 
  carriers) relative to charge neutrality point under 
  the field-effect from a single electron scatter 

So
ur

ce
 D

rain 

Back-gated 

CNP 

ΔV~e/C 

(meV) 

(example 
behavior: 

curve 
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PTOLEMY-G3 

•  Directional Detection of Dark Matter with 2D target 
–  Hochberg, et. al, 2017 Phys.Lett.B 772(2017)239 

    http://arxiv.org/abs/1606.08849 
•  Graphene field-effect transistors (G-FETs) arranged into a 

fiducialized volume of stacked planar arrays – Graphene cube (G3) 
–  Unprecedented sensitivity to electron recoil, at the level of single charge detection 

•  G-FETs provide tunable meV band gaps and provide high-
granularity particle tracking when configured into arrays 
–  A narrow, vacuum-separated front-gate of the G-FET imposes a kinematic 

discrimination on the maximum electron recoil energy, and the FET-to-FET hopping 
trajectory of an ejected electron indicates the scattering direction, shown to be 
correlated to the dark matter wind 

•  In this experiment we look for MeV dark matter scattering events 
that liberate an electron from the graphene target, in the absence of 
any other activity in the G3 37 



Detection: 

Stodolsky effect: energy split of electron spin states    
                            in the ν background 

requires ν chemical potential (Dirac) or net helicity (Majorana) 

requires breaking of isotropy (Earth velocity) 

results depend on Dirac/Majorana,relativistic/non relativistic, 
clustered/unclustered  Duda et al ‘01 
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Detection: 
ν-Nucleus collision: net momentum transfer due to 
                                Earth peculiar motion  
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NCB Cross Section 
a new parametrization 

Beta decay rate 

NCB 

The nuclear shape factors Cβ and Cν both depend on the same nuclear 
matrix elements 

It is convenient to define 



NCB Cross Section 
a new parametrization 

This is valid for both β± and EC decaying nuclei 

ν capture on β±  nuclei 

ν capture on EC nuclei 

ν + e- capture on EC nuclei 

( - ) 

- 

- 

In a large number of cases     can be evaluated in an exact way and 
NCB cross section depends only on Qβ  and t1/2 (measurable) 



Example: NCB Cross Section 
on β± nuclei for different types of decay transitions 

• Superallowed transitions 

 • This is a very good approximation also for allowed 
    transitions since 

 • i-th unique forbidden 



NCB Cross Section Evaluation 
using measured values of Qβ and t1/2 

1272 β- decays 

  799 β+ decays 

Beta decaying nuclei having BR(β±) > 5 %  
selected from 14543 decays listed in the ENSDF database 

3H 


