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Facts about CNB

Number density today 112 cm-3

per flavor

The largest astrophysical neutrino flux.
Mean kinetic energy: very small, of order Tv 10-4 eV !

Energy density: relativistic v, Tv > mv

for non relativistic v, Tv < mv
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The cosmic neutrino background (CNB) is one of the most solid prediction of
the standard cosmology. There are many indirect evidences for a background
of neutrinos which decoupled from the electromagnetic radiation quite early
during the Universe expansion, when the temperature was about 1 MeV (i.e. 1
sec after the big bang)



Hard to detect CNB directly
Very demanding if not impossible at all:
• they are only weakly interacting
• They have very low kinetic energy today
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Neutrinos cluster if massive (eV) on large cluster scale

Escape velocity: Milky Way 600 Km/s

clusters 103 Km/s

Ringwald and Wong ‘04

But

The local density normalized to the 
average cosmological value nv
grows with neutrino mass
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Massive neutrinos and neutrino capture on beta decaying nuclei

e±

ne
(-)

(A, Z) (A, Z ± 1)

β decay

e±

ne
(-)

Neutrino Capture on a
Beta Decaying Nucleus

(NCB) (A, Z)
(A, Z ± 1)

This process has no energy threshold !

W. Weinberg, Phys. Rev. 128 1962 

A.G.Cocco, G.Mangano and M.Messina JCAP 06(2007) 015

Luzauskas, P. Vogel, C. Volpe, J.Phys. G35 (2008) 025001

Detection idea
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dn/dEe

Qb

mn

Ee-me

2mn

A 2 mv  gap in the electron spectrum centered around Qb

Today we know that n are massive and non degenerate

β decay

Neutrino Capture on a
Beta Decaying Nucleus (NCB)
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Two issues:

Rate

Background



3H

Rate
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1272 b- decays

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

allowed 1st unique forbidden 2nd unique forbidden 3rd unique forbidden

A.G.Cocco, G.Mangano and M.Messina JCAP 06(2007) 015
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Relic Neutrino Detection
signal to background ratio

Observing the last 
energy bins of width D

D

It works for D<mv

dn/dTe b

mn Te

2mn

D DD

where the last term is the probability for a beta decay electron
at the endpoint to be measured beyond the 2mn gap
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PTOLEMY project
started thanks to the effort of C. Tully at the Princeton University



PTOLEMY Experimental Layout

Tritium Source Disk
(Surface Deposition)

High Field Solenoid

Long High Uniformity 
Solenoid (~2T)

Accelerating
Potential

MAC-E filter
(De-accelerating

Potential)

Accelerating
Potential

RF Tracking
(38-46 GHz)

Time-of-Flight
(De-accelerating

Potential)

e-

E0-18.4eV
~50 -150 eV

(~100 eV)

E0

E0+30kV

Electron focusing 1st E measurement 
by RF tracker

Flux reduction
with Mac-E filter

2st E measurement 
Cryogenic Calorimeter

(sE~0.1eV)



MAC-E “Telescope”
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8  Direct ν-mass experiments        K. Valerius (KIT)        30.09.2014 

Spectroscopic technique for tritium β-decay

MAC-E filter technique

Magnetic Adiabatic Collimation with Electrostatic filter
Picard et al., NIM B63 (1992) 345

Sharp high-pass filter:

μ =
E⊥

B
= const.

Combination of high luminosity

and high energy resolution: 

ΔE
E

=
Bmin

Bmax
=

1

20000

(at KATRIN)

ΔE energy
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Steps of filter potential

→ integrated β spectrum

detector ExB Drift
~1m

E*B ~1cm

E*B ~10m

PTOLEMY implements a 
“reflector” method that is 
four orders of magnitude 
more compact along the 
direction of the B field

Filtering of the energy is in the 
vertical direction
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R&D Prototype @ PPPL
(August 2, 2016)

Supported by:
The Simons Foundation
The John Templeton Foundation
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Dilution 
Refrigerator

Kelvinox
MX400

StarCryo
Microcalorimeter
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10-2 - 10-3

MAC-E Filter

Robot Arm
for Tritiated-
Graphene
Samples

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

Supported by:
The Simons Foundation
The John Templeton Foundation



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

Supported by:
The Simons Foundation
The John Templeton Foundation



Three Major Challenges
• Reduce molecular smearing

– New source (Tritiated-Graphene or Cryogenic Au(111))
• Measure the energy spectrum directly with a 

resolution comparable to the neutrino mass
– High-resolution electron microcalorimeter

• Compress a 70m spectrometer length – KATRIN’s
length – down to ~cm scale and replicate it ~x104-
106 at lower precision – final measurement from 
microcalorimeter
– New ExB filter concept
– RF trigger system (Project 8 development)
– G-FET as a potential trigger system

15



Molecular Broadening
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4.7eV
~3eV He3 recoil 

at endpoint

T-T à (T-He3)*

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

Graphene

<3eV binding 
energy
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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
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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

Tritiated-Graphene
- <3eV Binding Energy
- Single-sided (loaded on substrate)
- Planar (uniform bond length)
- Semiconductor (Voltage Reference)
- Polarized tritium(directionality?)

~3x1013 T/mm2 (~80kHz of decays/mm2)

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

T2 Binding 
Energy

First Samples Produced by SRNL
Cryogenic Au(111) also under investigation
with Free Radical or Cold Plasma Loading
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Cold Plasma Loading at PPPL
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2009 Science DC plasma. H coverage 10%
2009 ACS Nano Capacitive coupled RF plasma. H coverage 17%
2010 APL RF hydrogen plasma. H coverage 9%
2011, Carbon Oxford Plasmalab 1000. H coverage less than 10%

2011 Advance Material. STM hydrogen dose, Hydrogen coverage max 25.6%

2014, Applied materials 
&interfaces

RIE system. H coverage 33%

2015, ACS nano HPHT. H coverage 10%

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% H 
Coverage 

H coverage summary 
from the literature 

New Results!  à BNL Center for Functional Nanomaterials
à Cryogenic Hydrogen loading and STM Analysis

Best results – aim to achieve 
saturation at 100% while 
preserving quality of Graphene 



Resolution of ~0.55eV at 1keV and ~0.15eV at 0.1keV operating at 70-100mK 
under investigation (Clarence Chang ANL, Moseley et. al. GSFC/NASA)

Magnetic fields of few hundred Gauss may be able to thread through normal 
regions   

19Bill Jones

Calorimetric measurement 
based on Transition Edges Sensors technology

100 eV can be stopped with very small C
TES sensitive to magnetic field

E
C Gt =

C

SPIDER island TES example

100 eV electron can be stopped in a very 
small absorber absorber i.e. small C



Microcal Energy Resolution
• Pushing down microcal resolution –

0.15eV@100eV (~100mK) no longer the focus
– Most TES work is headed toward optical with 

extremely low heat capacitance (absorber 
thickness ~15µm à 10nm for ~10eV electron)

– 0.05eV@10eV (and further linear 
improvements from pushing down to 50mK)
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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 also very active (~0.3 eV resolution achieved at 0.8 eV for single IR photons)
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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.

RF tracking and time-of-flight

Norman Jarosik



100g PTOLEMY
• Different geometries were investigated

– Source disk will consist of 104-105 individual plates

22



G-FET
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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 
rescaled)

A single electron on the finite capacitance of the ribbon
produce a voltage step that increase the conductivity
of the ribbon by many order of magnitude causing a
macroscopic flow of charge between source and drain.



Scaling up ~µm to ~cm
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PTOLEMY-G3

• 2D Targets for Direct Directional Detection of MeV Dark Matter
– Hochberg, et. al, 2016. “Directional Detection of Dark Matter with 2D Targets", 

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

25



Fiducialized Volume (G3)

x

y

z

20 Graphene Nanoribbon Array 
(produced at Princeton University)
Resistance-Temperature (RT) and 
Current-Voltage (IV) curves in progress
Scalability to interdigitated capacitor 
with pixel areas of 1mm2 or larger 

Stacked planar arrays of G-FETs
1kg ~ 1010cm2 ~ 109cm3

Individually vacuum-sealed wafers
Cryogenically cooled (4.2K)
Cryopumping of gas contaminants on G3

surface - no line-of-sight trajectories
Low mass substrates with ALD dielectric

26

FET-to-FET hopping 
trajectory

G-FET sensor element

Graphene Target: Important Step for PTOLEMY



2D feature
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Events initiated close by the edges following a FET to Calorimeter (surrounding the active volume)
trajectory  allow to define a fiducial volume where the signal over noise ratio is enhanced. The E 
field in this case pushes the electrons towards the calorimeter. 

For events initiated in the middle of the fiducial volume the electrons follow a FET-to-FET trajectory .
The E-field is such to slow dawn the electrons and drive them towards adjacent pixels.  

2D target naturally allow for forward-backward discrimination. If the experiment is properly oriented 
the DM wind is orthogonal to the graphene planes twice a day. The expected rate difference is ~ 2 
so the daily modulation can be detected at 95 %C.L. with 70 signal events and no background.



Directional Detection Sensitivity
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ii PTOLEMY-G3 for Directional Detection of MeV Dark Matter

� With a modest, small-scale deployment of PTOLEMY-G3, a fiducialized volume of 103 cm3 will search
down to approximately �̄e = 10�33 cm2 at 4 MeV in one year, uncovering a di�cult blind spot
inaccessible to current experiments. This new approach will open up for the first time direct directional
detection of MeV dark matter, a capability that no other light dark matter proposal has.

Figure 1-1. ( left) Di↵erential rate for a 100 MeV DM particle scattering o↵ an electron in graphene is

shown with the solid black line with �̄e = 10

�37
cm

2
and FDM(q) = 1. (right) Expected background-free

95% C.L. sensitivity for a graphene target with a 1-kg-year exposure (black). A first experiment with a G

3

volume of 10

3
cm

3
(target surface of 10

4
cm

2
) will search down to approximately �̄e = 10

�33
cm

2
at 4 MeV.

Figure 1-2. Predicted angular distributions for DM masses 10 MeV (dashed) and 10 GeV (solid) in a DM

stream with vstream = 550 km/s in the lab frame. (left) Polar distribution of the final-state electron when

the stream is oriented perpendicular to the graphene plane and points along cos ✓ = 1. (right) Azimuthal

distribution of the final-state electron when the stream is oriented parallel to the graphene plane and points

along � = ⇡/2. The outgoing electron direction is highly correlated with the initial DM direction.

� The G-FET sensor has a tunable meV band gap, a full three orders of magnitude smaller than cryogenic
germanium detectors. This sensitivity is used to switch on and o↵ the conductivity of the G-FET
channel by 10 orders of magnitude in charge carriers in response to the gate voltage shift from a single
scattered electron. A narrow, vacuum-separated front-gate imposes kinematic discrimination on the
maximum electron recoil energy, where low energy recoil electrons above the graphene work function
follow FET-to-FET directional trajectories within layers of the fiducialized G3 volume.

Figure 1-3. (left) The graphene FET sensor consists of an interdigitated source and drain separated by

a planar graphene layer segmented finely into ribbons. (right) Cutaway view of a conceptual design for

graphene directional detection. When an electron is ejected from a graphene sheet, it is drifted by an

electric field, where electrons follow a “FET-to-FET” trajectory.

� PTOLEMY-G3 is ready for a first phase experiment. Graphene sensor results are reported at this
workshop and the existing PTOLEMY setup at Princeton University has the volume and cooling
capacity to host PTOLEMY-G3 with a fiducialized volume of 103 cm3.

U.S. Cosmic Visions: New Ideas in Dark Matter

– The new approach of 2D targets opens up for the first time direct 
directional detection of MeV dark matter

28



Projected Sensitivity
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ii PTOLEMY-G3 for Directional Detection of MeV Dark Matter

� With a modest, small-scale deployment of PTOLEMY-G3, a fiducialized volume of 103 cm3 will search
down to approximately �̄e = 10�33 cm2 at 4 MeV in one year, uncovering a di�cult blind spot
inaccessible to current experiments. This new approach will open up for the first time direct directional
detection of MeV dark matter, a capability that no other light dark matter proposal has.
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Figure 1-1. ( left) Di↵erential rate for a 100 MeV DM particle scattering o↵ an electron in graphene is

shown with the solid black line with �̄e = 10

�37
cm

2
and FDM(q) = 1. (right) Expected background-free

95% C.L. sensitivity for a graphene target with a 1-kg-year exposure (black). A first experiment with a G

3

volume of 10

3
cm

3
(target surface of 10

4
cm

2
) will search down to approximately �̄e = 10

�33
cm

2
at 4 MeV.
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Figure 1-2. Predicted angular distributions for DM masses 10 MeV (dashed) and 10 GeV (solid) in a DM

stream with vstream = 550 km/s in the lab frame. (left) Polar distribution of the final-state electron when

the stream is oriented perpendicular to the graphene plane and points along cos ✓ = 1. (right) Azimuthal

distribution of the final-state electron when the stream is oriented parallel to the graphene plane and points

along � = ⇡/2. The outgoing electron direction is highly correlated with the initial DM direction.

� The G-FET sensor has a tunable meV band gap, a full three orders of magnitude smaller than cryogenic
germanium detectors. This sensitivity is used to switch on and o↵ the conductivity of the G-FET
channel by 10 orders of magnitude in charge carriers in response to the gate voltage shift from a single
scattered electron. A narrow, vacuum-separated front-gate imposes kinematic discrimination on the
maximum electron recoil energy, where low energy recoil electrons above the graphene work function
follow FET-to-FET directional trajectories within layers of the fiducialized G3 volume.

Figure 1-3. (left) The graphene FET sensor consists of an interdigitated source and drain separated by

a planar graphene layer segmented finely into ribbons. (right) Cutaway view of a conceptual design for

graphene directional detection. When an electron is ejected from a graphene sheet, it is drifted by an

electric field, where electrons follow a “FET-to-FET” trajectory.

� PTOLEMY-G3 is ready for a first phase experiment. Graphene sensor results are reported at this
workshop and the existing PTOLEMY setup at Princeton University has the volume and cooling
capacity to host PTOLEMY-G3 with a fiducialized volume of 103 cm3.

U.S. Cosmic Visions: New Ideas in Dark Matter

– Projected detection sensitivity exceeds an equivalent mass target 
of low noise (5 e- threshold) germanium cryogenic detectors

– With a modest, small-scale deployment of PTOLEMY-G3, a 
fiducialized volume of 103 cm3 will search down to σ~10-33 cm2 at 
4 MeV in one year, uncovering a difficult blind spot inaccessible 
to current experiments
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Comparing MeV Direct Detection
New Proposal:  Hochberg, et. 
al, 2016. “Directional Detection 
of Dark Matter with 2D Targets", 
http://arxiv.org/abs/1606.08849
(published on PLB)

8
��-���-���-� ��� ��� ��� ��� ��� ��� ��� ���

��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��
��-��

�χ [���]

σ
�
[�
�
� ]

���
���

-��

���
≪�
��

������� �����

��

��

��

��
��
��
�

��
��
��
��

���
���
���
��
- � ��

��
�� �
�

��
���
���
� ��

- � �
���
� �
�

��
��
���
���
��
- � �
�� �
�

��
��
���
���
��
- � �
���
� �
�

��
��
�-
��
� �
�� �
�- �
���
� �
�

���
���
� ��

- � �
�

��
��
� �γ
� ��
�� �

�

��
�(�)
� �
�� �
���
��

���∝�/��

��� ������� �
���� ��� �������

��������� ��/��/��
=�����/������/����-����

Landscape of MeV 
proposals:
– Important regions  
below Nuclear Recoil
– Possibility to cover a 
large part of the 
Freeze-In (thermal 
relic production that 
doesn’t reach 
equilibrium) 



Projected Low Backgrounds
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• High radio-purity wafer-level fabrication
– Low background contamination lithography has been demonstrated, see for 

example ``Cryogenic Dark Matter Search detector fabrication process and 
recent improvements" by Jastram et. al, 2015. NIM A: 772:14-25.

• Ultra-low ratio 14C/C graphene growth à Push forward on the 
landmark work done for Borexino
– Litherland et. al, 2005. ``Low-level 14C measurements and Accelerator Mass 

Spectrometry" in AIP Conference Proceedings, vol. 785, p. 48. 
http://dx.doi.org/10.1063/1.2060452

Also in touch with A. E. Lalonde AMS Laboratory in Ottawa capable to measure
14C/C at level of 10-21 .

• Cryogenic fiducialized volume and the coincidence of FET-to-FET 
trajectories of electron recoils à Replaced with RF electron ID and/or 
G-FET triggering for PTOLEMY electrons from relic neutrinos
– The low backgrounds achieved by Xenon100 below 100 keV, 

http://arXiv.org/abs/1101.3866, parameterized with a rate formula 0.1 single scatter 
EM events/keV/kg/day, applied to the mean free path of 100 eV electrons in 
PTOLEMY-G3 yields ~4 events/kg/yr and in the ~1eV window of PTOLEMY, the 
rate is dominated by 14C (two orders of magnitude lower than expected relic 
neutrino capture rate) 



PTOLEMY @PU
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R&D Prototype @ PU
(April 2, 2017)

Recent move of PTOLEMY setup for calorimetry 
development to Princeton University Physics Department



HV biasing and monitoring system 
of the PTOLEMY detector electrodes
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Voltage provided on a locking capacitor
à not a resistive divider

Field Mill voltage monitoring
à On path to supersede all precision voltage systems

LNGS (recent photo)
INFN
Cocco, Messina



Locking capacitor 200 nF

Connection to the Field Mill

Detector/electrode side. The 
HV connection is still missing.

HV switch to charge up the 
capacitor (top position), to
discharge (bottom). Normal 
position (middle)
while measuring.

Connection
to DC power
supply

Dry N pipe.
In future also 
SF6 to prevent 
discharge in air.
The plexi-box
is also important 
for safety.

Side view of the Field Mill
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Synergies with CMB-S4

Scaling to cryogenic FDM circuits up is more challenging. One potential issue is that it
could require long lengths of wiring to the bolometers (compared to the current lengths of
⇠ 50 � 100 cm). The thermal loads on the subKelvin stages from ⇠ 1500 readout wires
would require a significant portion of the cooling capacity of a three-stage helium sorption
fridge. In a dilution refrigerator cooled cryostat, the SQUID and bias resistor could be moved
to the 1 Kelvin buffer stage if it could accomodate the ⇠ 1mW of power dissipated, along
with the thermal load from 3 pairs of wires per comb. This would greatly reduce the physical
distance and necessary wiring lengths to the bolometers.

• Prospects for increasing multiplexing factor The issues associated with the cryogenic
wiring complexity would be addressed by increasing the multiplexing factor up to 128-
256⇥. This can either be achieve by packing the channels closer together, with narrower
inductor-capacitor resonances, or by using more bandwidth to accommodate additional fre-
quency channels. Presently, the latter strategy is an active path of development. Extending
the present system in this way requires high uniformity in the channel spacing, and excellent
control of stray impedances in the wiring and interconnects.

An alternate strategy is to reduce strays by keeping all components of the cold-multiplexer
at sub-kelvin temperature, ensuring short wire lengths. High frequency superconducting
resonators were integrated on detector wafers as shown in Figure 6. High frequency read-
out shrinks physical size of resonators to facilitate integration and widens available read-
out bandwidth for higher multiplexing count. Integration of frequency multiplxing circuit
and detector simplifies interconnects by reducing number of required connection by multi-
plexing factor. Also parasitic impedance can be accurately simulated and controlled with
micro-fabrication technique used in detector RF circuit design. Integrated frequency multi-
plexing circuit can be coupled with microwave SQUID and high frequency DfMUX readout.
Currently 50–100 MHz resonators are being developed for frequency domain multiplexing
readout. Same method can be used to fabricate ⇠1 GHz resonators for microwave SQUIDs
readout which would be significantly smaller and take less space on a detector wafer.

Figure 6: Photograph of superconducting resonators fabricated on same wafer as multi-chroic
detector

• Warm readout electronics capabilities Increasing the backend electronics multiplexing
factor is not an issue. Firmware for the “ICE” backend electronics already supports a mul-

18
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~100 MHz Lumped Element Resonators à ~1 GHz
Integrated onto wafer (compact, eliminates wire bonding)

Microcalorimeter development work for PTOLEMY builds off of 
S4 TES designs from Clarence Chang (ANL)
Microwave multiplexing developments for CMB-S4 are directly 
relevant for PTOLEMY



Proposal
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•Move the PTOMELY prototype to the LNGS to perform the 
proof-of-principle tests in low-background environment.

• Graphene target and trigger system R&D gives 
opportunity to realize a middle term DM physics program.

• Proof-of-Principle of the PTOLEMY concept 

Deliverables 

Opportunity for LNGS and for INFN to exploit a multi-M$ US 
capital investment.



Schedule of Activities in US
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Re-commission Kelvinox MX400 following electrical work
- resize tubing, check indium bottom plate seals, setup PC
- schedule OI (July)

Schedule installation of StarCryo calorimeter (July/August)
Re-commission magnets following connector repair and new support

- electrical for power supply, schedule Davidson (July/August)
- field mapping for magnets, He recovery system hookup

Install central vacuum tank (August)
- electrical for pump station, routing of tubes, pumpdown

HV system for MAC-E filter (September)
- install contacts and feed-throughs
- setup HV power supply and monitoring with HV divider

Install test sample in source magnet (September)
- line sources, beta-decay sample, robot arm controller

Data-taking with Samples, MAC-E filter and Calorimeter
- Scheduled for September/October



Cost estimate for near future activities

• Tests participation in Princeton                                                      8 kE

• Packing and  shipping of the prototype  to LNGS                        10 kE

• High Stability HV system development                                          5 kE

• Preparation of above ground space to host the prototype in the 
commissioning phase prior to go underground.                                10 kE

• Consumables LN and LHe for SC Magnets                                 10 kE
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Schedule of near future steps

• By the end of August submission to the LNGS of a LoI
focused on the proof-of-principle by using the PTOLEMY
prototype and the DM physics case (DONE)

• By November-December a Kick-off meeting of the
PTOLEMY project at LNGS will take place to gather interests
of groups for relic neutrino detection. (11-12 December
2017)
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Institutions 
• CIEMAT Madrid
• New York University Abu Dhabi
• University of Princeton
• Princeton Plasma Physics Laboratory
• Argonne National Laboratory
• Savannah River National Laboratory
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• A.G. Cocco
• G .Mangano
• M. Messina
• G. Korga
• N. Rossi
• N. D’Ambrosio
• N. Canci



Summary
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After 10 years from 

A.G.Cocco, G.Mangano and M.Messina JCAP 06(2007) 015

what appeared to be challenging is presently much closer to be
feasable. 


