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

•  None of these 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 



3 



4 



5 

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 degree of freedoms 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)*  



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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•  In the hunt for alternative energies, 
there has been a great focus on the 
development of Hydrogen fuel cells 
–  Here the advantage is to store hydrogen 

in a solid form (with 6%wt) at room 
temperature, but with a weak enough 
binding that the hydrogen can be 
released by heating or some other means 
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A Single-Walled Carbon Nanotube (SWNT) has the 
potential of having a hydrogen binding energy less than 3eV, 
and possibly as low as 1eV or less. 

2nm 
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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 
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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 technique: 
May help accelerate 
Hydrogen fuel cell 
research 



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

decay have to 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 
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desorption (TPD) spectroscopy and it suggested that physical adsorption of hydrogen 

mainly occurred within the cavities of SWNTs.  

 According to Dillon’s prediction, this kind of SWNT may be promising as 

hydrogen storage medium. Figure 2[9] shows the change of hydrogen pressures as a 

function of time for SWNTs under an initial hydrogen pressure of 10 MPa in the first 

adsorption cycle at room temperature. The hydrogen uptake is complete within few 

hours. It has been proved that notable changes occur for pore structure in the course of 

hydrogen uptake in SWNTs. All the above facts indicate that the inner hollow cavity 

takes part in the hydrogen adsorption.  

 

Fig. 2. The amount of H2 in weight for SWNT samples, and the pressure change versus the adsorption 

time. Sample 1 was used as synthesized. Sample 2 was soaked in 37% HCI acid for 48 h, rinsed with 

deionized water, and dried at 423 K. Sample 3 was pretreated in the same way as sample 2, the vacuum 

heat-treated for 2 h at 773 K 

The charging time for 
Single-Walled Carbon 
Nanotubes (SWNT) is 
approximately 4 hours 
at 10MPa. 

Monitoring: 
Graphene transitions 
from a conductor to an 
insulator as tritium is 
absorbed. 

He3 ions can be 
extracted out rear of cell. 
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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  



•  Target mass:  100 grams of tritium (2 x 1025 nuclei) 
•  Capture cross section * (v/c) ~ 10-44 cm-2 (flat up to 10 keV) 
•  Rate ~ (56 electron neutrinos/cm3)(2 x 1025 nuclei)(10-44 cm-2) 

(3 x 1010 cm/s)(3 x107s) ~ 10 events/year 
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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 
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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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(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-
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Clarence Chang 

B field “feed through” 

Operating at 70-100mK 
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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  
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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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•  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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27 Norman Jarosik 

Q-Band (38-46 GHz) 
WMAP Amplifier 

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

Junction 

Readout Orthogonal to 
Electron Trajectory 



•  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 

28 Anthony Ashmore 

0.03 T 
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31 PPPL 
February 2013 



•  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) 
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Trigger 
threshold 

Endpoint 
Spectrum 



•  PPPL already 
produced tritium-
graphene samples in 
the 90’s in TFTR 
–  We are try to look at 

these are have started 
from Raman scattering 
analysis at PRISM 

•  We hope to get future 
sources from SRNL 
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“Hot spots” of TFTR carbon tile indicate tritium 



•  Take a biological sample from centuries ago 
exposed to atmospheric carbon  
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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 
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~10mHz 
background 

level 

CNB  
signal x1011 

~66 micrograms 
(limited by gas column) 

Expected 
to start in  

2015 



•  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) 
–  Comparable resolution performance on neutrino mass 

(systematics will be measured) 
–  Early universe relic sterile neutrino limits (up to ~10keV) 
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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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Figure 1-1. Neutrino interaction cross section as a function of energy, showing typical energy regimes
accessible by di↵erent neutrino sources and experiments. The curve shows the scattering cross section for
⌫̄e e

� ! e� ⌫̄e on free electroens, for illustration. Plot modified from [1].

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

Fundamental Physics at the Intensity Frontier



•  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 
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•  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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•  Princeton University committed $1.2M in cost-
sharing for January 2014 NSF MRI submission 
–  PTOLEMY won internal Princeton competition (top 3) 
–  Intermediate funding for next 9 months for He3 system 

•  Important R&D still to be done on the tritium 
storage cell, the detector, and background levels 

•  PPPL prototype is an excellent test bed for 
validating the technologies for a 100g PTOLEMY 
–  We will continue to develop the high mass capacity 

system for the next phase of the experiment in 2-3 years 
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Development of a Relic Neutrino Detection Experiment at PTOLEMY:
Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino Yield

S. Betts1, W. R. Blanchard1, R. H. Carnevale1, C. Chang2, C. Chen3, S. Chidzik3, L.
Ciebiera1, P. Cloessner4, A. Cocco5, A. Cohen1, J. Dong1, R. Klemmer3, M. Komor3, C.

Gentile1, B. Harrop3, A. Hopkins1, N. Jarosik3, G. Mangano5, M. Messina6, B. Osherson3,
Y. Raitses1, W. Sands3, M. Schaefer1, J. Taylor1, C. G. Tully3, R. Woolley1, and A.

Zwicker1

1

Princeton Plasma Physics Laboratory

2

Argonne National Laboratory and University of Chicago

3

Department of Physics, Princeton University

4

Savannah River National Laboratory

5

Istituto Nazionale di Fisica Nucleare – Sezione di Napoli

6

Department of Physics, Columbia University

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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•  Previous solid sources were limited at 
approximately 100 atomic layers from 
electron scattering 
– With an ExB source, if we consider individual 

graphene nanotubes and a 100:1 ratio of 
source size to separation – then we could 
have 1 million nanotubes strung with 1 micron 
spacing over a distance of 1 meter. With a 1 
m^2 total transverse area of tubes per layer, 
we would achieved 100 grams of tritium 
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•  Sub-K tritium 
–  Insulator/conductor transition using flux-lock 

loop and SQUID readout 
– Potential to drift He3 ions in the opposite path 

for coincident collection (or to sell them!) 
– New tritium storage tank – could liberate 

atoms either by heating or with RF and the 
free ions could be collected to act as a source 
cell for an injector or a controlled reaction 
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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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•  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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Alfredo Cocco 



•  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 

Anthony Ashmore 



•  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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Anthony Ashmore 



•  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) 

Long Uniform 
Solenoid (2T) 

High Field 
Solenoid 

(~4T) 

Low Field 
(~0.003T) 

Precision e-gun 
“switchyard” 

Energy resolution/linearity for calorimeter 
Angular control for RF tracker 



•  Tν = 1.9K = ~1.7 x 10-4 eV is small compared to 
at least 2 of the neutrino mass eigenstates 
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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) 

The local neutrino number density 
(with electron flavor content) may be 
enhanced in clusters by factors that 

typically range from 1-100 depending 
on the neutrino mass(es) 

mν =  

This would translate directly in 1-100 
times more CNB signal events. 



•  Central vacuum chamber on rails to provide 
access to source and detector areas during install 
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12 ft. 

Adam Cohen, Bill Blanchard, Lloyd Ciebiera, John Dong, Charlie Gentile, 
Bill Sands, Jim Taylor, Chris Tully 
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