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Princeton Tritium Observatory for Light, Early-universe, 
Massive-neutrino Yield (PTOLEMY) 



•  The Universe was not always as cold 
and dark as it is today – there are a 
host of landmark measurements that 
track the thermal history of the universe 

•  Few measurements, however, reach 
back as far in time as ~1 second after 
the Big Bang 
–  At ~1 second the hot, expanding 

universe is believed to have become 
transparent to neutrinos 

–  In the present universe, relic neutrinos 
are predicted to be at a temperature of 
1.9K (1.7x10-4 eV) and to have an 
average number density of ~56/cm3 per 
lepton flavor 
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Dicke, Peebles, Roll, Wilkinson (1965) 

1 sec 
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When the mean free path exceeds the horizon size, 
the neutrinos decouple from matter 

Neutrinos decouple before e+e− annihilation, e+e− heats up photons 
 2 photon + 7/8( 2 electron + 2 positron ) ! 2 photon 
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Relic neutrino temperature in lock step with photons and 
both drop at the same rate with the Hubble expansion 
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Present-day relic neutrinos are distributed in velocity  
according to their original relativistic Fermi-Dirac distribution at 
one second after the Big Bang 
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Relic neutrino number density follows photon number density 

in the relativistic limit 
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vrms =160 km/s 1 eV /mv( )Relic velocity depends on mass 

per neutrino species 
(neutrino+antineutrino) 



•  Timing is essential to Big Bang predictions 
– Neutrino decoupling at ~1 MeV (~1 sec) 

•  Weak interactions constantly regenerate neutrons 
– Neutron-Proton mass difference mn-mp~1.3 MeV 
– Deuterium(! Helium) at ~0.07 MeV (~132 sec) 

compared to neutron lifetime of ~886.7 sec 
•  n/p~0.15*0.74~0.11 at the start of nucleosynthesis 
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Not much wiggle room for the standard BBN prediction 
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T drops below ~1 eV 
(~300,000 years) 
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Gravitational lensing of CMB through matter during structure 
formation indirectly senses the relic neutrino density and sum of 
neutrino masses.  
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CMB

Measuring P(k)

SDSS Ly-α

Some notable caveats: 
Bounds depend on cosmology assumptions, such as the dark energy contribution to the equation 
of state.  One can also have a delay in the matter-radiation transition from dark radiation (the 
number of relativistic degrees of freedom above N=3.04). 
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Produce ~1M Z bosons at 
an e+e− collider 

Scan the line shape in 
center-of-mass energy 

Count the number of 
hadronic Z decays 

Compute the total width 
from visible decays and add 
an invisible width scaled by 
the SM couplings to 
neutrinos 
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The spectrum, showing its approximate flavor content, is

An incredible phenomenon 
appeared when neutrinos were 
measured from different 
sources:  solar, atmospheric, 
reactor, accelerator. 

A neutrino created with a 
definite lepton flavor (in this 
case, electron or muon) would 
arrive with a lower probability to 
be detected with the same 
flavor and a non-zero 
probability to have mixed into 
another flavor. 

≈(0.05eV)2 

?? 

0 
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The spectrum, showing its approximate flavor content, is

There may be heavier neutrinos 
in the mass range 1eV-10keV. 

The sterile component cannot have 
weak interactions from Z boson data. 



•  Basic concepts for relic neutrino detection were laid out 
in a paper by Steven Weinberg in 1962 [Phys. Rev. 128:3, 
1457] 
–  Look for relic neutrino capture on tritium by measuring electrons at 

or above the endpoint spectrum of tritium beta-decay 
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Gap (2m) constrained to 
< ~0.6eV 

from Cosmology 

(some electron flavor expected 
with 2m>0.1eV 
from neutrino oscillations) 

What do we know? 

Tritium and other isotopes studied for relic neutrino capture in this paper: 
JCAP 0706 (2007)015, hep-ph/0703075 by Cocco, Mangano, Messina 
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Tritium experiments typically use diatomic tritium T2 
where the bond strength is approximately 4eV. 

 But what happens when one T atom decays? 

Answer: The maximum He3 recoil energy is ~3eV.  
He3 stays bound to the remaining T to form a T-He3 
molecule – and can fall into a number of closely 
spaced rotational and vibrational excited states 

 Quantum Mechanics tells us that the outgoing 
electron energy depends on the change in the 
binding energy of T2 to (THe3)*  

T-T   !   T-He3 



Direct calorimetric  mass 
search 

is the atomic excitation energy of the “i” final state is the probability of the “i” final state
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Tritium electron endpoint 
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Level Diagram 



•  In the hunt for alternative 
energies, there has been a great 
focus on the development of 
Hydrogen storage systems 
–  Hydrogen binds to the surface of 

graphene in a solid form (6%wt) at 
room temperature, but with a weak 
enough binding that the hydrogen 
can be readily released 
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Different forms of hydrogenated graphene have a hydrogen 
binding energy less than 3eV – with no binding for 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

Single-sided-hydrogenated 
 Graphene 

-  Planar (uniform bond length) 
-  Semiconductor (~Si gap) 
- Polarized tritium(?) 

~3x1013 T/mm2  (~80kHz of decays/mm2) 
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Figure 2  
Energy level diagram for the graphene-hydrogen system. The energy is in eV per H atom, i.e. to obtain the values per H2 each energy 
and barrier value must be doubled. Values of energy levels and barriers are deducted both from experimental and theoretical evaluations 
with average values taken when different values are available. The reference level is the pristine graphene plus unbound molecular 
hydrogen. 
 



•  1st proposal of the PTOLEMY project is to use 
the setup to measure hydrogen bond strength 
differences using tritium beta decay energy 
measurements and a high resolution 
microcalorimeter 
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Figure 3 
Calculated C-H binding energy versus the local curvature. The local curvature is measured by the puckering distance d of a given C atom 
with respect to the plane formed by its three first neighbours before H binding (see ball&sticks representation under the X axis). The 
variation of binding energy with respect to the flat graphene is reported on the left Y axis. The black dots correspond to the binding 
energy of isolated H evaluated on sampled C sites of the corrugated graphene sheet, shown on the right, with the convex parts in red and 
the concave ones in blue. The fitting black line is ∆Ebind[eV]= -4.449 d[Å]. Binding energy profiles are shown for three sample site on 
the convex (red), flat (blak), and concave (blue) regions respectively, as indicated by the arrows on the right (in this case the Y axis 
report the absolute binding energy using as a reference system the graphene plus isolated detached atomic H). The arrows on the left 
indicates the corresponding dots in the main graph. The red squares correspond to literature data of the binding energy on C60 and on 
nanotubes of different lengths. The structure of graphene sheet hydrogenated on convexities is also reported in balls&sticks (gray = C, 
orange = H). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

New C-H bond 
measurement 
technique: 
May help accelerate 
Hydrogen fuel cell/
storage research 



•  Target mass:  100 grams of tritium (2 x 1025 nuclei) 
•  Capture cross section * (v/c) ~ 10-44 cm2 (flat up to 10 keV) 
•  (Very Rough) Estimate of Relic Neutrino Capture Rate: 
(56 νe/cm3) (2 x 1025 nuclei) (10-44 cm2) (3 x 1010 cm/s) (3 x107s) ~ 10 events/yr 
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Clustering evaluation for the Milky Way (Ringwald & Wong 04) 
At 8 kpc the overdensity is less than what we estimated. 

Ringwald and Wong (2004) 

mν =  

Gravitational clumping could 
potentially increase the local number 
of relic neutrinos. 

For low masses ~0.15eV, the local 
enhancement is ~x1.5 

Lazauskas, Vogel, Volpe: J.Phys.G G35 (2008) 025001. 
Cocco, Mangano, Messina: JCAP 0706 (2007) 015 

σ(v/c)=(7.84±0.03)x10-45cm2 
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Long, Lunardini, Sabancilar: arXiv:1405.7654 
“Detecting non-relativistic cosmic neutrinos by capture on tritium: phenomenology 
and physics potential”  !   

Relic neutrino capture rate on tritium depends on whether neutrinos are 
Dirac or Majorana: 

 Neutrinos decouple at relativistic energies 
 Helicity is conserved as the universe expands and the relic 

neutrinos become non-relativistic 
 Dirac:  initially left-handed chiral=helical neutrinos and right-

handed chiral=helical anti-neutrinos are active ! cooldown !~half of 
left-handed helical Dirac neutrinos are right-handed chiral (non-active) 
! Factor of 2 drop in present-day capture rate on tritium for Dirac 

 Majorana:  initially left-handed chiral=helical 
neutrinos=antineutrinos and right-handed chiral=helical 
neutrinos=antineutrinos are active ! cooldown ! No change in 
present-day capture rate (heavy neutrino components are decoupled) 

Factor of 2 difference in capture rate 

First Majorana/Dirac test outside of neutrinoless double-beta decay? 



•  The largest and nearly insurmountable problem 
of relic neutrino detection is to provide a large 
enough surface area to hold at least 100 grams 
of weakly bound atomic tritium 
–  The trajectory of the outgoing electrons from tritium 

decay must have a clear vacuum path to the 
calorimeter (up to one or two atomic layers of 
carbon) 

–  Need approximately 106 m2 of expose surface area, 
that’s ~200 football fields 

–  Cannot be achieve with a flat planar surface – needs 
nanotechnology to solve 

20 
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B 

E 

COMSOL calculation: 
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With this type of structure, 106 m2 fits within the CMS  
solenoid volume with ~0.5mm layer spacing 



•  The most common form of 
hydrogen loading is done 
at high pressure (~100atm) 
which is prohibitive for 
large surface areas. 

•  Ultra-low proton “beams” 
with T<1eV bombarding 
the graphene surface have 
near unity probability to be 
absorbed onto the surface 

•  Above 2eV, the adsorption 
probability drops off rapidly  

23 Ehemann et al. Nanoscale Research Letters 2012, 7:198 

Figure 3 Probabilities of reflection, transmission, and adsorption as a function of incident kinetic energy.

Figure 4 Positions of reflection, transmission, and adsorption events for the quantum-classical calculations. In a representative graphene
hexagon, using SCC-DFTB. Adsorption (left) shows clustering of hydrogen atoms around the lattice carbons. Reflection (center) is most probable
at the perimeter of the hexagon where interactions are strongest. Transmission (right) can occur at most points in the lattice for high energies
but tends to occur at the hexagon center due to the low barrier.

Ehemann et al. Nanoscale Research Letters 2012, 7:198
http://www.nanoscalereslett.com/content/7/1/198

Page 5 of 14
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DC E×B fields applied in  
a 20 cm × 50 cm st. steel 
chamber with ceramic side 
walls. 

Plasma cathode:  2 MHz, 
50-200 W Ferromagnetic ICP 

Diagnostics: 
Langmuir probes, emissive 
probes, optical emission and 
laser diagnostics of plasma 

RF-plasma cathode  

E 

Coils Coils 

Source operation 

B 
Anode 

Insulator 

Axis 

We will use cold magnetized plasma, Te < 1 eV, for 
the hydrogenation of graphene 

Si wafer immersed  
in the plasma source  

Raitses et al., DOE PSC Meeting, 2013  
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Tritium Storage Cell 
(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) 

Cryogenic 
Calorimeter 
(σ~0.15eV) 

Low Field 
Region 

e- 

E0-18.4keV 

0-1keV 
(~150eV) 

E0 

E0+30kV 

~50-150eV 
below  

Endpoint 

Princeton Tritium Observatory for Light, Early-universe, Massive-neutrino Yield 



–  ANL Group (Clarence Chang) estimates ~0.55eV at 
1keV and ~0.15eV at 0.1keV operating at 70-100mK 
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e- 

E 
C 

G τ = 
C 
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(example) SPIDER  TES 

Bill Jones 

Bandwidths of ~1 MHz to record ~10kHz 
of electrons hitting the individual sensors 

100eV electron can be 
stopped with very small C 



Nb Leads
TES

Si

Multi-layer 
superconducting 

shield (ALD)

G set by e-ph coupling ��T5

ΔE = 0.15 eV @ 100 eV

e-

27 

Clarence Chang 

B field “feed through” 

Operating at 70-100mK 

100eV electrons stop in 
Ultra-thin layer of gold 

(small C) 
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Applied Physics Letters 87, 194103 (2005); 
doi: 10.1063/1.2061865 

Electron energy      Thickness of Gold 
at calorimeter:               Absorber: 
          600 eV                 9.64 nm 
          400 eV                 6.63 nm 
          200 eV                 3.82 nm 
          100 eV                 2.39 nm 
            10 eV                 0.68 nm 

- Thickness of Gold absorber can be 5 nm (~40 atomic layers),  
corresponding to Cp of approximately 0.04 pJ/K per mm2  
- Transition-edge steepness (1/α) controlled by normal regions and magnetic field. 

Backscatter from calorimeter can be efficiently collected by placing calorimeter 
surface at a +50V minimum (advantage of having only atomic electron backscatter) 

€ 

α ∝
1

ΔTwidth

Optimized transition-edge x-ray microcalorimeter with 2.4 eV energy
resolution at 5.9 keV

J. N. Ullom,a! J. A. Beall, W. B. Doriese, W. D. Duncan, L. Ferreira, G. C. Hilton,
K. D. Irwin, C. D. Reintsema, and L. R. Vale
National Institute of Standards and Technology (NIST), 325 Broadway, Boulder, Colorado 80305

!Received 6 April 2005; accepted 3 August 2005; published online 1 November 2005"

We present measurements from a series of transition-edge x-ray microcalorimeters designed for
optimal energy resolution. We used the geometry of the sensors to control their heat capacity and
employed additional normal metal features and a perpendicular magnetic field to control the
sharpness of the superconducting-to-normal transition. These degrees of control allow an optimal
selection of sensor saturation energy and noise. Successive design changes improved the measured
energy resolution of the sensors from 4.5 eV full width at half maximum at 5.9 keV to 2.4 eV at
5.9 keV. Sensors with this energy resolution are well matched to applications in x-ray astrophysics
and terrestrial materials analysis.
#DOI: 10.1063/1.2061865$

Transition-edge sensors !TESs" are a promising technol-
ogy for high-resolution x-ray spectroscopy.1 These sensors
consist of superconducting thin films electrically biased in
the resistive transition. The ability of TESs to perform broad-
band, high-efficiency, and high-resolution x-ray spectroscopy
makes them powerful tools for x-ray astronomy and terres-
trial materials analysis.2,3 The best energy resolutions ob-
tained so far with TESs #approximately 4 eV full width at
half maximum !FWHM" at 5.9 keV$ are roughly 30 times
better than ubiquitous silicon-lithium sensors.4–6 Despite this
impressive performance, the resolution of TESs has not yet
reached the predicted theoretical limits and has shown little
improvement in recent years. Given the large range of appli-
cations, there is considerable interest in improving sensor
performance. For instance, an energy resolution of 2 eV
FWHM at 5.9 keV is the goal for the upcoming National
Aeronautic and Space Administration !NASA" satellite
Constellation-X.7

The commonly assumed sources of noise in TESs are
Johnson noise and thermodynamic fluctuations in the device
thermal conductances. One factor that limits sensor perfor-
mance is the presence of noise that is not explained by these
two mechanisms. In recent work, we characterized the de-
pendencies of the unexplained noise !UN" and predicted how
the design of TES sensors could be optimized.8 The most
promising optimization strategy was to make sensors with
low heat capacity, a broad superconducting-to-normal transi-
tion, and low UN. In this letter, we present results from three
optimized TES x-ray microcalorimeters. All three sensors
perform better than those in previous work, and the best
device has an energy resolution of 2.4±0.1 eV FWHM at
5.9 keV. We also discuss possible future performance levels.

The energy resolution of a TES microcalorimeter de-
pends on its transition temperature Tc, heat capacity C, the
UN, and the sharpness of the superconducting-to-normal
transition, described by the dimensionless parameter !
= !T /R"dR /dT, where R is the sensor resistance. For simplic-
ity, we take "I= !I /R""R /"I to be zero, although this quantity
is known to be finite. We have modified the traditional ex-

pression for the resolution of a TES !Ref. 9" to include finite
bath temperatures, finite loop gain, and degradation by the
UN. The UN is treated as a white voltage noise whose mag-
nitude M is expressed as a fraction of the zero-inductance
high-frequency limit of the Johnson noise. Assuming a stiff
voltage bias, the FWHM energy resolution #EFWHM is
given by

2.355%4kbTc
2Cn!1 + M2"

!2!1 − tn"
%1 +

!2!1 − tn"F
n!1 + M2"

, !1"

where n is the exponent governing power flow between
the TES and the heat bath !typically 3–5", t=Tb /Tc is
the ratio of the bath and transition temperatures, and F de-
pends on the nature of energy transport between the TES
and the bath. For specular transport, F= !1+ tn+1" /2, and for
diffuse, F=n!1− t2n+1" / !!2n+1"!1− tn"".10,11 In the limits
Tb$Tc and !2 / !1+M2"%2n, Eq. !1" approximates to
#EFWHM=2.355%!4kbTc

2C /!"%!1+M2"n /2. It can readily be
seen that sensor performance is improved by lowering Tc and
C. The narrow temperature range over which the TES resis-
tance responds to temperature imposes an additional con-
straint on C and !: namely, the device must retain tempera-
ture sensitivity during the temperature excursion #T=E& /C
produced by the absorption of a photon with energy E&. The
maximum photon energy E&-max that a sensor can measure
without performance degradation from nonlinearity will be
proportional to C /! since ! is inversely proportional to the
temperature width of the transition.

We next describe two strategies for optimizing the en-
ergy resolution of a TES microcalorimeter. These strategies
build on the results of Ref. 8, in which we found that the
magnitude of the UN increases with !. For the conditions in
Ref. 8, M &0.2!1/2. In addition, we found that ! could be
controllably suppressed from intrinsic values greater than
500 to as low as 10 by the application of a perpendicular
magnetic field or by incorporating normal-metal regions into
the TES perpendicular the direction of current flow. We con-
sider first the case where the TES heat capacity is fixed. This
constraint arises if other system requirements dictate the
pixel size. Substituting the expression for M into Eq. !1", wea"Electronic mail: ullom@boulder.nist.gov

APPLIED PHYSICS LETTERS 87, 194103 !2005"

0003-6951/2005/87#19!/194103/3/$22.50 87, 194103-1
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.112.70.33 On: Sun, 13 Apr 2014 14:53:47

(C/α) scaled down by a factor of 100 
Keep α large, but not too large to keep M small 

Clarence Chang Au is not ideal as it doesn’t stick well for thin layers, 
Alternative materials would be studied (15nm of Bi)  
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Clarence Chang 

Kent Irwin 



•  Cryogenic microcalorimeters promise to 
greatly improve many research areas with 
vastly higher precision and data collection 
speed  

30 
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Microcalorimeter sensors have already 
demonstrated lower statistical error levels than 
conventional germanium detectors. As shown 
in Fig. 8, the improved resolution and higher 
peak-to-background ratio of microcalorimeters 
greatly clarify complex actinide spectra.  For 
equal numbers of counts, the statistical errors 
in key isotope ratios are up to 3x lower in 
microcalorimeter data than for germanium 
[Hoover, 2013].  Detailed studies of the 
systematic errors of the two detector types is 
presently an active area of research.  The 
insensitivity of microcalorimeter results to line 
overlaps and their insensitivity to errors in 
tabulated line positions all suggest that the 
systematic errors from microcalorimeter NDA 
will be lower. For example, our own very 
recent work shows that the very small 

uncertainties in tabulated gamma-ray peak energies (~5 to 20 eV) lead to large uncertainties in HPGe-
derived isotopic ratios (~0.6 to ~5.2 %). In striking contrast, the exact same uncertainties in peak energies 
lead to >10x smaller uncertainties in microcalorimeter-derived isotopic ratios (0.02-0.06%) because the 
peaks are so well separated. Though this is only a preliminary result, it indicates that the unmatched 
resolution of microcalorimeters is key to obtaining a large improvement in a critical component of total 
uncertainty. By using microwave readout techniques to both reduce the cost of microcalorimeter 
technology and to enable much larger arrays that can quickly obtain very high-statistics spectra in times 
comparable to germanium, we will dramatically improve the NDA technology available for nuclear 
materials accounting.   
 What size sensor array is required to measure isotope ratios with 0.1% statistical error in one 
hour?  From our existing measurements of reference Pu samples [Hoover, 2013], we know that roughly 
108 total counts are required to achieve > 106 counts in the relevant isotopic gamma-ray lines.  A line 
must have > 106 counts for its statistical error to fall below 0.1%.     The number of pixels needed to make 
a 108 count measurement in 3,600 secs depends on the count rate per pixel.  If the source is macroscopic 
(g-scale) the count rate will be limited by the thermal recovery time of the individual sensors.  We have 
previously demonstrated high-resolution operation near 10 Hz/pixel [Alpert, 2013] and recent 
improvements in detector performance [Horansky, 2013] will enable counting at 20 Hz.  It can readily be 
seen that 1,400 pixels counting at 20 Hz are needed to acquire 108 events in 1 hour.  With great effort, 
existing time- and code-domain multiplexing schemes can be scaled to 103 pixels, but this type of pixel 
count is easily achieved by microwave readout.  Is there a need for sensor arrays > 103 pixels?   Yes: still 
larger sensor arrays can reduce count times from one hour to minutes or even seconds, thus making truly 
real-time measurements of hot process streams feasible.  Larger sensor arrays could also extend 0.1% 
precision NDA analysis to trace samples.  Both these capabilities would be transformative. 
 For photon-starved measurements of trace samples, larger sensor arrays also play an important 
role because they can collect more photons.  The absolute efficiency at 200 keV and 25 cm of a thick (1.5 
cm) planar germanium sensor is ~4×10-4.  For comparison, the absolute efficiency of the 256 pixel 
microcalorimeter array shown in Fig. 9 is almost a decade lower: ~5×10-5 [Bennett, 2012].  Increasing the 
pixel count to 1,400 will provide an absolute efficiency of almost 3×10-4, comparable to planar 
germanium.  Increases in pixel count above ~103  will provide absolute efficiencies even better than 
germanium; a future megapixel array would have a total collecting area of 1.9 m2 (!) and 103 higher 
absolute efficiency than germanium.  Arrays of this scale will enable entirely new applications.  For 
example, arrays on the m2 scale may be able to discriminate between 235U and 226Ra in challenging cargo 
screening scenarios.    

Fig.$ 8.$ $ Microcalorimeter$ and$ germanium$ spectra$ of$ a$
Pu'containing$ actinide$ mixture.$ $ Note$ clarity$ of$ the$
240Pu$ gamma'ray$ line$ near$ 104$ keV$ in$ the$
microcalorimeter$spectrum.$
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•  Rate suppression is achieved with a MAC-E filter   
2 x 10-10 suppression at 10eV, that scales as the 
endpoint distance cubed (E-E0)3 
–  At 0.1eV and zero neutrino mass, there are roughly 105 

more background expected than signal – a finite 
neutrino mass is required to introduce a 2m gap 
between signal and background 

–  At 0.001eV, the rate of signal and background are 
approximately equal 

•  10eV endpoint window for 100g of tritium 
corresponds to (2x1025)(2x10-10)/(4 x 108s)=10MHz 
–  103-104 calorimeter channels (for 10kHz bandwidth) 

31 



Adiabatic 
Invariant: 

•  MAC-E filter cutoff of 10-2 to 10-3 precision on electron 
energy 
–  Energy window below endpoint needed for 2π acceptance ~150eV 
–  Voltage of filter cut-off accurate to ~1eV 
–  Planar cell aperture of ~30cm2 within 3.2T bore 
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ExB focus before 
entering MAC-E filter 
(same filter power with 
smaller central radius) 

ExB focus before calorimeter 
(more compact calorimeter) 

Calorimeter 

Limiting electron trajectory 
(hits outer radius of filter) 
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•  RF tracking and time-of-flight 
–  Thread electron trajectories (magnetic field guide lines) 

through a waveguide with ~wide bandwidth (few x10-5) to 
identify cyclotron RF signal in transit times of order 0.2µsec 

•  Currently using WMAP (Norm Jarosik) HEMT amplifiers with 1K/GHz 
noise and operating in the Q-Band range 38-46 GHz (~1.9T) 

•  Accelerate electrons to E0+30keV in antenna region to increase 
electron cyclotron radiation – record in long uniform field (few x10-5 ) 
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B e− 

Concept Developed by Project 8 
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Q-Band (38-46 GHz) 
WMAP Amplifier 

Q-Band (38-46 GHz) 
Magic Tee Waveguide 

Junction 

Readout Orthogonal to 
Electron Trajectory 



•  For studying antenna data, a windowless APD is used to 
tag the tritium decay from a tritium disk source 
–  Trigger on APD and record antenna (50 GHz mixed down to ~10 MHz 

bandwidth) 

40 

Trigger 
threshold 

Endpoint 
Spectrum 



•  Take a biological sample from centuries 
ago exposed to atmospheric carbon  

41 

Now 
With a half-life of ~5700 years 
levels of C14 of 10-12 in 2x1025 nuclei 
will produce 100 Hz of decays 

In a window of 0.5 eV (Q=156keV), biological levels of C14 are 
four orders of magnitude too much radiation for a relic neutrino 
experiment with a graphene substrate.  Fortunately, 
underground carbon sources have 10-18 levels of C14 (achieved 
in Borexino).  
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•  Uses large uniform geometry to achieve ~0.2eV cut-off 
sensitivity – “Cut and Count” experiment 
–  PTOLEMY Goal:  10mHz !sub-µHz Background 

Rate 

43 

~10mHz 
background 

level 

CNB  
signal x1011 

~66 micrograms 
(limited by gas column) 

Expected 
to start in  

2015 



44 

B. Safdi, M. Lisanti, et al. 
http://arxiv.org/pdf/1404.0680.pdf 
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FIG. 1: The direction of the neutrino wind relative to the ecliptic plane a↵ects both the amplitude and phase of the modulation.
(left) A projection of the Earth’s orbit onto the Galactic ŷ–ẑ plane. The dotted curve illustrates the Sun’s orbit about the
Galactic Center in the x̂–ŷ plane. The bound neutrino wind is at an angle ⇠60� to the ecliptic plane, compared to ⇠10� for
the unbound wind. This results in a suppressed modulation fraction for the bound neutrinos. (right) The Earth’s orbit in the
ecliptic plane, spanned by the vectors ✏̂1 and ✏̂2. The focusing of bound and unbound neutrinos by the Sun is also depicted.
The neutrino density is maximal around March 1(September 11) for the bound(unbound) components. The Earth is shown at
March 1 in both panels.

g�(p⌫) is the lab-frame phase-space distribution of neu-
trinos [19]. The product �NCBv⌫ is velocity-independent
to very high accuracy when E⌫ ⌧ Q� , which always ap-
plies to cosmic neutrinos. For tritium decay [19],

�NCB

�
3H

�
v⌫ = (7.84 ± 0.03) ⇥ 10�45 cm2 . (3)

In this limit, (2) simplifies to

�⌫ = n⌫ lim
p⌫!0

�NCB v⌫ , n⌫ =

Z
g�(p⌫)

d3p⌫
(2⇡)3

, (4)

where n⌫ is the local neutrino density.
At the time of decoupling, the neutrinos follow the

relativistic Fermi-Dirac distribution,

g̃C⌫B(p⌫) =
1

1 + ep⌫/T⌫
, (5)

in the C⌫B rest-frame. Because particle number is
conserved after decoupling, this distribution holds even
when the neutrinos become non-relativistic, if the ef-
fects of cosmological perturbations are ignored. In this
case, the number density of electron neutrinos today is
n⌫ ⇡ 56 cm�3.

While relic neutrinos are relativistic at decoupling,
they become non-relativistic at late times and their av-
erage velocity is

hv⌫i = 160(1 + z) (eV/m⌫) km/s , (6)

where z is the redshift and m⌫ is the neutrino mass.
Galaxies and galactic clusters have velocity dispersions
of order 102–103 km/s; dwarf galaxies have dispersions
of order 10 km/s. Therefore, sub-eV neutrinos can clus-
ter gravitationally only when z . 2.

In reality, the local neutrino phase-space distribution,
as needed for (2), is more complicated than the Fermi-
Dirac distribution. Non-linear evolution of the C⌫B can
a↵ect both the density and velocity of the neutrinos
today, depending primarily on the neutrino mass [16].
Ref. [14] simulated neutrino clustering in a Milky Way-
like galaxy and found that the local neutrino density is
enhanced by a factor of ⇠2(20) for 0.15(0.6) eV neutri-
nos. In addition, they find more high-velocity neutrinos
than expected from a Fermi-Dirac distribution.

Current numerical predictions for the neutrino phase-
space distribution do not account for the relative velocity
of the Milky Way with respect to the C⌫B. The last scat-
tering surface of cosmic neutrinos is thicker and located
closer to us than that for photons, because the neutri-
nos become non-relativistic at late times [20]. The av-
erage distance to the neutrinos’ last scattering surface is
⇠2000(500) Mpc for neutrinos of mass 0.05(1) eV [20].
For comparison, the last scattering surface for photons
is ⇠104 Mpc away. These distances are greater than the
sizes of the largest superclusters, which are O(100) Mpc
in length. Consequently, it is reasonable to assume that
neutrinos do not have a peculiar velocity relative to the
CMB. Measurements of the CMB dipole anisotropy show
that the Sun is traveling at a speed of vCMB ⇡ 369 km/s
in the direction v̂CMB = (�0.0695,�0.662, 0.747) relative
to the CMB rest-frame [21–23]. In this Letter, we assume
that the same is true for the C⌫B rest-frame.

Given the uncertainties on g�(p⌫), we consider the lim-
iting cases where the relic neutrinos in the Solar neigh-
borhood are either all unbound or all bound to the Milky
Way. We show that the neutrino capture rate modulates
annually in both these limits, but that the modulation
phase di↵ers between the two. More realistically, the lo-
cal distribution is likely a mix of bound and unbound
neutrinos, and the correct phase is di↵erent from the ex-

If CMB rest frame = relic neutrino rest frame, 
the direction and velocity of the Sun is known relative 
to the rest frame (<v> ≈ 370 km/s) 
represented by the unbound neutrino wind.  

Ultra Low-Energy Directional

Neutrino Detection using Polarized Targets

(Dated: May 5, 2014)

Neutrino capture on beta decaying nuclei (NCB) is a
promising path forward towards ultra low-energy neu-
trino detection, at energies far below current thresh-
olds [1]. NCB has no energy threshold on the incom-
ing neutrino, and an energy gap over order the neutrino
energy separates the final-state electrons from the poten-
tially much more prevalent beta-decay electrons. These
observation allows for the possibility of using NCB to
detect the cosmic neutrino background (C⌫B), which is
predicted to have a temperature T⌫ ⇡ 1.95 K.

PTOLEMY [2] is the first experiment using NCB to
try to detect the C⌫B. Their planned target consists of
⇠100 g of 3H. Assuming standard cosmology and neglect-
ing a possible local neutrino over-density due to matter
perturbations, the neutrino number density is n⌫ ⇡ 56
cm�3, and PTOLEMY should observe ⇠10 C⌫B NCB
events per year. A scaled up version of PTOLEMY may
also have sensitivity to low-energy solar neutrinos, light
sterile neutrinos, sterile neutrino dark matter, amongst
other possible low-energy neutrino sources.

NCB experiments, however, su↵er from the same prob-
lem as other low-energy neutrino experiments; it is hard
to extract directional information. Recently, it has been
proposed that, in the context of the C⌫B, the rate at NCB
experiments may modulate annually due to gravitational
focusing by the Sun, with the phase and amplitude of the
modulation related to the average velocity of the C⌫B
and the C⌫B velocity dispersion [3]. For realistic neu-
trino masses and velocity distributions, the modulation
amplitude could be at the 0.1–1% level.

In this Letter, we propose a new method for extracting
directional information at NCB experiments. The idea is
to polarize the beta-decaying target. Then, the cross-
section acquires a dependence on the angle between the
neutrino’s velocity and the polarization axis. In 3H the
neutrinos are preferentially captured when they approach
along the polarization axis.

The remainder of this Letter is organized as follows.
First, we compute the dependence of the NCB cross-
section on the angle between the neutrino’s velocity and
the polarization axis of the target. Then, we discuss
the implications of a polarized target for detection of the
C⌫B and other low-energy neutrino sources at NCB ex-
periments. We conclude by evaluating the feasibility of
polarizing a target of the kind planned for PTOLEMY,
consisting of 3H atomically bound to graphene.

The cross-section—We begin by considering the fa-
miliar process of neutron beta decay. In the Fermi theory,
the matrix element is given by

M =
GFc1p

2
ūp�µ(1 � gA�5)unūe�

µ(1 � �5)v⌫ , (1)

with GF Fermi’s constant, gA ⇡ 1.27 the axial vector

coupling, c1 the cosine of the Cabibbo angle, and up, un,
ue, and v⌫ the free proton, neutron, electron, and an-
tineutrino wave functions, respectively. Taking the neu-
tron to be polarized in the direction ŝ and averaging over
the spins of the electron and antineutrino, we find the
well-known result

h|M|2i = 16G2
F c2

1(1 + 3g2
A)mnmpEeE⌫̄

1 + a
pe · p⌫

EeE⌫
+ A

ŝ · pe

Ee
+ B

ŝ · p⌫

E⌫̄

�
.

(2)

Above, mn(mp) is the neutron(proton) mass, pe(p⌫) is
the electron(anti-neutrino) momentum, and Ee(E⌫) is
the electron(anti-neutrino) energy. The asymmetry pa-
rameters are given by

a =
1 � g2

A

1 + 3g2
A

, A =
2gA(1 � gA)

1 + 3g2
A

,

B =
2gA(1 + gA)

1 + 3g2
A

.

(3)

Note that in computing (2), we neglected the proton re-
coil.

The matrix element for the NCB process
⌫e + n ! p + e� is, by crossing symmetry, equal to
that for beta decay upon taking the neutrino’s four-
momentum pµ⌫ ! �pµ⌫ , up to an irrelevant overall sign.
Thus, (2) also holds for NCB, and in particular the
di↵erential cross-section is proportional to

d�NCB /

1 + a

pe · p⌫

EeE⌫
+ A

ŝ · pe

Ee
+ B

ŝ · p⌫

E⌫̄

�
. (4)

Real nuclei are more complicated than the free neu-
tron. As a warmup, we take a heuristic look at 3H de-
cay. In the nuclear shell model, the two neutrons inside
3H form a closed s-shell, while the one proton is in a
single-hole configuration within the s-shell. The neutrons
within the closed s-shell are paired. The daughter 3He
nucleus is the mirror nucleus of 3H; the protons form a
closed s-shell, while the neutron is in a single-hole con-
figuration.

Suppose the nuclear spin of 3H is oriented in the ẑ

(spin-up) direction. Since the neutrons are paired, it is
really the unpaired proton that has this polarization. The
decaying neutron must decay into a spin-down proton in
order for the 3He protons to be paired. The 3H beta-
decay is then equivalent to the decay of a neutron into a
spin-down proton, where we sum over the two spin-states
of the initial neutron. By symmetry, this is equivalent to
the decay of a spin-up neutron into an either spin-up or
down proton; i.e., in this simplistic model, polarized 3H
decay is equivalent (up to kinematics) to free polarized

Sensitivity to relic neutrino 
velocity and direction 
through 
annual  amplitude 
(0.1-1%) and phase 

Additional sensitivity to neutrino velocity 
and direction for a polarized tritium 
target 
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FIG. 1: The direction of the neutrino wind relative to the ecliptic plane a↵ects both the amplitude and phase of the modulation.
(left) A projection of the Earth’s orbit onto the Galactic ŷ–ẑ plane. The dotted curve illustrates the Sun’s orbit about the
Galactic Center in the x̂–ŷ plane. The bound neutrino wind is at an angle ⇠60� to the ecliptic plane, compared to ⇠10� for
the unbound wind. This results in a suppressed modulation fraction for the bound neutrinos. (right) The Earth’s orbit in the
ecliptic plane, spanned by the vectors ✏̂1 and ✏̂2. The focusing of bound and unbound neutrinos by the Sun is also depicted.
The neutrino density is maximal around March 1(September 11) for the bound(unbound) components. The Earth is shown at
March 1 in both panels.

g�(p⌫) is the lab-frame phase-space distribution of neu-
trinos [19]. The product �NCBv⌫ is velocity-independent
to very high accuracy when E⌫ ⌧ Q� , which always ap-
plies to cosmic neutrinos. For tritium decay [19],

�NCB

�
3H

�
v⌫ = (7.84 ± 0.03) ⇥ 10�45 cm2 . (3)

In this limit, (2) simplifies to

�⌫ = n⌫ lim
p⌫!0

�NCB v⌫ , n⌫ =

Z
g�(p⌫)

d3p⌫
(2⇡)3

, (4)

where n⌫ is the local neutrino density.
At the time of decoupling, the neutrinos follow the

relativistic Fermi-Dirac distribution,

g̃C⌫B(p⌫) =
1

1 + ep⌫/T⌫
, (5)

in the C⌫B rest-frame. Because particle number is
conserved after decoupling, this distribution holds even
when the neutrinos become non-relativistic, if the ef-
fects of cosmological perturbations are ignored. In this
case, the number density of electron neutrinos today is
n⌫ ⇡ 56 cm�3.

While relic neutrinos are relativistic at decoupling,
they become non-relativistic at late times and their av-
erage velocity is

hv⌫i = 160(1 + z) (eV/m⌫) km/s , (6)

where z is the redshift and m⌫ is the neutrino mass.
Galaxies and galactic clusters have velocity dispersions
of order 102–103 km/s; dwarf galaxies have dispersions
of order 10 km/s. Therefore, sub-eV neutrinos can clus-
ter gravitationally only when z . 2.

In reality, the local neutrino phase-space distribution,
as needed for (2), is more complicated than the Fermi-
Dirac distribution. Non-linear evolution of the C⌫B can
a↵ect both the density and velocity of the neutrinos
today, depending primarily on the neutrino mass [16].
Ref. [14] simulated neutrino clustering in a Milky Way-
like galaxy and found that the local neutrino density is
enhanced by a factor of ⇠2(20) for 0.15(0.6) eV neutri-
nos. In addition, they find more high-velocity neutrinos
than expected from a Fermi-Dirac distribution.

Current numerical predictions for the neutrino phase-
space distribution do not account for the relative velocity
of the Milky Way with respect to the C⌫B. The last scat-
tering surface of cosmic neutrinos is thicker and located
closer to us than that for photons, because the neutri-
nos become non-relativistic at late times [20]. The av-
erage distance to the neutrinos’ last scattering surface is
⇠2000(500) Mpc for neutrinos of mass 0.05(1) eV [20].
For comparison, the last scattering surface for photons
is ⇠104 Mpc away. These distances are greater than the
sizes of the largest superclusters, which are O(100) Mpc
in length. Consequently, it is reasonable to assume that
neutrinos do not have a peculiar velocity relative to the
CMB. Measurements of the CMB dipole anisotropy show
that the Sun is traveling at a speed of vCMB ⇡ 369 km/s
in the direction v̂CMB = (�0.0695,�0.662, 0.747) relative
to the CMB rest-frame [21–23]. In this Letter, we assume
that the same is true for the C⌫B rest-frame.

Given the uncertainties on g�(p⌫), we consider the lim-
iting cases where the relic neutrinos in the Solar neigh-
borhood are either all unbound or all bound to the Milky
Way. We show that the neutrino capture rate modulates
annually in both these limits, but that the modulation
phase di↵ers between the two. More realistically, the lo-
cal distribution is likely a mix of bound and unbound
neutrinos, and the correct phase is di↵erent from the ex-

Velocity sensitivity provides possibility to measure: 
Relic Neutrino Rest Frame, and potentially, 
Relic Neutrino Temperature (from velocity and mass)  

Tritium polarization calibrated using beta decay electrons. 
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(quoted from work of) V. Kornoukhov 
51Cr decays to 51V (Vanadium) through electron capture 
   e− + (27,24) ! (28,23) + νe 
Neutrino lines are 746(81%), 751(9%), 426(9%), 431(1%) keV. 
Direct neutrino detection at short distances considered for neutrino oscillation 
experiments into sterile neutrinos.  

Capture rate calculation (B. Safdi)  
σ(51Cr) / σ(relic neutrinos) ~ 19 (weighted) 
Nevents ~ 40 events / 100g-years (1 m / R)2 (Msource / MCi ) 
Relativistic neutrinos ! clear angular dependence from tritium polarization 
Neutrino scattering off of atomic electrons also a signal for the neutrino flux 

Also considering Titanium thin films embedded with tritium to produce a high 
mass (kg), low resolution neutrino capture target for solar neutrinos and for a 
relic sterile neutrino search. 
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Long, Lunardini, Sabancilar: arXiv:1405.7654 
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Figure 1. A cartoon illustrating the expected signal from the three active C⌫B neutrinos of mass m1 '
m2 ' m3 = m⌫ (solid line), and from a hypothetical, mostly sterile, neutrino mass state, ⌫4, of mass m4

(dashed line). The C⌫B signal is displaced from the beta decay endpoint by 2m⌫ , and the ⌫4 signal would
be displaced by m⌫ + m4. The signal and background are not represented to scale. Here Ke = Ee � me is
the electron kinetic energy, and K0

end denoted by the vertical dashed line refers to the beta decay end point
kinetic energy in the m⌫ = 0 limit. For a details, see Sec. 2.3 and Sec. 3.

measurements. In the first place, a direct detection would confirm that the relic neutrinos are still
present in the universe today – a reasonable assumption if the neutrinos are stable, but one which
has no empirical confirmation from cosmological observations alone. To put this less dramatically,
a direct detection of the C⌫B would probe late time e↵ects, those occurring after recombination,
such as neutrino clustering (and therefore the neutrino coupling to gravity), changes in the C⌫B
flavor composition or number density due to neutrino decay, or decay of heavy relics into neutri-
nos, and so on. Perhaps even more importantly, a direct detection of the C⌫B would constitute the
first probe of non-relativistic neutrinos (since current detectors are only sensitive to relatively large
neutrino masses), and thereby open the window onto an entirely new kinematical regime. Studying
non-relativistic neutrinos could allow for tests of certain neutrino properties that are di�cult to access
at high momentum such as the Dirac or Majorana character of neutrinos.

Given the importance of a direct detection of the C⌫B, it is not surprising that research in this
field has been active and uninterrupted. In 1962 Weinberg was the first to advocate for C⌫B detection
via neutrino capture on beta-decaying nuclei (NCB) since this process requires no threshold energy
[7]. The NCB technique is primarily limited by availability of the target material and by the need
for extremely high precision in measuring the electron energy1. Other detection methods have their
own challenges. The Stodolsky e↵ect, for instance, could allow C⌫B neutrinos to be detected by
their coherent scattering on a torsion balance [8], but the expected accelerations are well below the
sensitivity of current detectors [9, 10], and vanishes if the C⌫B is lepton-symmetric. In the last few
years, attention has focused again on Weinberg’s NCB technique, and a number of detailed studies
have assessed the prospects for detection with a tritium target [11–15]. In this type of an experiment,
the smoking gun signature of C⌫B capture, ⌫+ H3 ! He3 + e�, is a peak in the electron spectrum at
an energy of 2m

⌫

above the beta decay endpoint; see Fig. 1. Detecting this peak requires an energy
resolution below the level of m

⌫

= O(0.1 eV). Compared to other beta-decaying nuclei, tritium
makes a particularly attractive candidate target because of its availability, high neutrino capture
cross section, long lifetime (12 years), and low Q-value [11]. For a 100 gram target, the expected

1In his paper, Weinberg reports of an experimental attempt being carried out by R. W. P. Drever at the University
of Glasgow at the time of his writing, resulting in a preliminary bound on the C⌫B Fermi energy EF < 500 eV. We
have been unable to retrieve any other information on this early experiment.

– 2 –

Either a Majorana or a Dirac neutrino 
can decay radiatively: 

    ν2 → ν1 + γ 

∝ GF
2[m(ν2)]5 

For m(ν2) ~ 0.5 eV,  

      |Ue4|2 ~ 0.03, fc ~ 20,  ΔNeff = 1 

      Ncapture ~5 events/100g-year 

For m(ν2) ~ 1 keV, 

      |Ue4|2 ~ 10-4, fc ~ 5000 (ρDM ~ 0.3 GeV/cm3), 

      Ncapture ~4 events/100g-year (10kg?) 

Sterile neutrino 
sensitivity 



•  PTOLEMY will operate with: 
–  Completed MAC-E filter (1% cut-off) 
–  Collect tritium spectra in 50-150eV of endpoint 
–  100 micrograms (1 Cu) of tritium with 1m2 area (~300 layer cell) 
–  0.15eV energy resolution at 100eV 
–  Demonstrate RF-tagged electron identification 
–  Measure tritium cell systematics to sub-eV 

•  Physics 
–  1st direct constraint on relic neutrino density (106 above nominal) 
–  Competitive resolution performance on neutrino mass (systematics 

will be measured) 
–  Early universe relic sterile neutrino limits (up to ~10keV) for a range 

(|Ue4|2 ~ 10-4-10-6) of sterile neutrino electron flavor content 
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4 Neutrinos: DRAFT

very di↵erent from that of quarks. We do not yet know what that means, but precision studies of lepton128

mixing via neutrino oscillations may reveal crucial information regarding the long-standing flavor puzzle.129
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1.1.1 The Big Questions and Physics Opportunites130

We are now poised to answer some of the most fundamental and important questions of our time. There131

is a clear experimental path forward, which builds heavily on the recent successful history of this132

rapidly-evolving field of particle physics.133

What is the pattern of neutrino masses? Is there CP violation in the lepton sector? To what extent does the134

three-flavor paradigm describe Nature?135

The current neutrino data allow for very large deviations from the three-flavor paradigm. New neutrino–136

matter interactions as strong as the standard-model weak interactions are not ruled out, and the existence of137

new “neutrino” states with virtually any mass is allowed, and sometimes expected from di↵erent mechanisms138

for generating neutrino masses.139
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•  Are there experimental outcomes that are inconsistent with 
Big Bang cosmology?  Yes! 
–  Too many cold neutrinos with no visible mass separation from the end-

point (no galactic clumping factor) would contradict the initial conditions 
of Big Bang nucleosynthesis (present day H, D, He, Li abundances) 

•  Are there outcomes that are inconsistent with the Standard 
Model of particle physics?  Yes! 
–  No neutrino detection (exclusion of the relic neutrino density below 

prediction) could mean that neutrinos have a finite lifetime 

•  Are there possibilities for discovering new physics?  Yes! 
–  Alternative dark matter candidates such as keV sterile neutrinos may 

have a non-zero electron flavor content and would appear as a mass 
peak above the end-point 

49 



•  Is there a possibility to make long-term contributions to the 
understanding of the Universe? 
–  Absolutely!  We believe that we live in a sea of 14 billion year old 

neutrinos all around us (the oldest relics in the Universe) – is it true? 
–  When one opens a new frontier of exploration, there is no telling what 

will be found and learned 
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4 Neutrinos: DRAFT

very di↵erent from that of quarks. We do not yet know what that means, but precision studies of lepton128

mixing via neutrino oscillations may reveal crucial information regarding the long-standing flavor puzzle.129
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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

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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Development of a Relic Neutrino Detection Experiment at PTOLEMY:
Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino Yield
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Project Summary

The direct detection of relic neutrinos from the Big Bang was proposed in a paper by
Steven Weinberg in 1962 [Phys. Rev. 128:3 (1962) 1457]. The signal for relic neutrino capture
on tritium is the observation of electron kinetic energies emitted from a tritium target that
are above the �-decay endpoint. The requirements on the experimental energy resolution for
relic neutrino identification are constrained by the thermal model for neutrino decoupling in
the early universe that predicts a present-day average neutrino kinetic energy of 1.7⇥10�4eV,
neutrino mass mixing parameters that indicate mass eigenstates at least as massive as 0.05eV,
and cosmological input from WMAP+SPT, and other sources, on the sum of the masses of
the light neutrino species in thermal equilibrium in the early universe to be constrained to
less than approximately 0.3eV. The parameters for a relic neutrino experiment require 100
grams of weakly-bound atomic tritium, sub-eV energy resolution commensurate with the
most massive neutrinos with electron-flavor content, and below microHertz of background
rate in a narrow energy window above the tritium endpoint. The PTOLEMY experiment
(Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino Yield) aims to
achieve these goals through a combination of a large area surface-deposition tritium target,
MAC-E filter methods, cryogenic calorimetry, and RF tracking and time-of-flight systems.
A schematic of the PTOLEMY concept is shown in figure 1. A small-scale prototype is in
operation at the Princeton Plasma Physics Laboratory, shown in figure 2, with the goal of
validating the technologies that would enable the design of a 100 gram PTOLEMY. With
precision calorimetry in the prototype setup, the limitations from quantum mechanical and
Doppler broadening of the tritium target for di↵erent substrates will be measured, including
graphene substrates. Beyond relic neutrino physics, sterile neutrinos contributing to the
dark matter in the universe are allowed by current constraints on partial contributions to
the number of active neutrino species in thermal equilibrium in the early universe. The
current PTOLEMY prototype is expected to have unique sensitivity in the search for sterile

1

PTOLEMY Team (Summer 2013) 
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•  1 SNU = 1 neutrino interaction per second for 1036 target 
nuclei 

•  100 grams of tritium (2.2 x 1025 nuclei) 
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Tritium and other isotopes studied for relic neutrino capture in this paper: 
JCAP 0706 (2007)015, hep-ph/0703075 by Cocco, Mangano, Messina 
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•  PTOLEMY ~3618 SNU with 100g (1025 nuclei) 2.5 evts/
year 

•  Gallex 70 SNU with 30 tons (1029 nuclei) 1200 evts/year 
•  Homestake (Chlorine) 8 SNU with 600 tons (1031 nuclei) 

2500 evts/year 
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Hard to compete with 
Tritium for sub-MeV 
neutrino energies 
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•  High precision on endpoint 
–  Cryogenic calorimetry energy resolution 
–  Goal: 0.1eV resolution 

•  Signal/Background suppression 
–  RF tracking and time-of-flight system 
–  Goal: sub-microHertz background rates above endpoint 

•  High mass, high resolution tritium target 
–  Surface deposition (tenuously held) on conductor in vacuum 
–  Goal: for CNB: maintains 0.1eV signal features with high efficiency 
–  For sterile nu search: maintains 10eV signal features w/ high eff. 

•  Scalable mass/area of tritium source and detector 
–  Goal: relic neutrino detection at 100g 
–  Sterile neutrino (w/ % electron flavor) at ~1g 
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Magnetic Bounce 
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•  In order to avoid magnetic bounce, electrons must be 
accelerated back up in going from mid-plane to detector 

•  Different trajectories have different cut-off precisions 
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•  High precision (0.1eV) electron gun 
–  Off-axis directionality needed for RF antenna calibration 
–  Investigating possibility of a single or multiple high precision guns 

situated outside of the magnetic field of the tritium target plate with a 
“switch yard” of input spigots to provide in situ calibration peaks for 
every calorimeter channel and electron trajectory 

•  Vacuum studied with residual gas analyzer (RGA) 
•  Several possibilities for background estimation 

–  sideband data-driven background estimation below MAC-E filter cutoff 
–  out-of-time tracking-calorimeter coincidence 
–  (vacuum-)scattered electron trajectory analysis 
–  varying source strength tiles (null sources)  

•  NMR calibration for magnetic field uniformity in RF tracker 
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Source 
Disk 

(~0.3T) 
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High Field 
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(~4T) 

Low Field 
(~0.003T) 

Precision e-gun 
“switchyard” 

Energy resolution/linearity for calorimeter 
Angular control for RF tracker 



•  PPPL already 
produced tritium-
graphene samples in 
the 90’s in TFTR 
–  These have been 

analyzed with Raman 
scattering 

•  SRNL are providing 
tritium loaded 
graphene samples 
–  Loaded at 100 atm 
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“Hot spots” of TFTR carbon tile indicate tritium 


