One Second After the
Big Bang

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

Chris Tully
Princeton University

NIKHEF Colloquium
March 20, 2015




.
'
. .
. ' » =~
» . -
. . . ”
.
- "
- .
- .
- .
. .
- »
. g .
P :
.
.
- L
. » - .
- =\







8 THE ASTROPHYSICAL JOURNAL, Vol. 159, February 1970
(© 1970. The University of Chicago. All rights reserved. Printed in U.S.A.

ROTATION OF THE ANDROMEDA NEBULA FROM A SPECTROSCOPIC
SURVEY OF EMISSION REGIONS*

VERA C. RuBint AND W. KENT Forp, Jr.t

Department of Terrestrial Magnetism, Carnegie Institution of Washington and
Lowell Observatory, and Kitt Peak National Observatory]




Timeline of the Universe
13.7 billion years
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B Other elements 0.03%
Neutrinos 0.3%
B Stars 0.5%

\l Free H and He 3%
Dark matter 22%

— —>l Dark energy 14%

We do not know what makes
up 96% of the universe.




TIME (units of seconds)

 The Universe was not always as cold - N e
and dark as it is today — there are a 1sec '
POSSIBLE THERMAL
host of landmark measurements that ¥ GictoRy GF THE
track the thermal history of the universe

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 b

In the present universe, relic neutrinos g = @t g b
. RADIUS OF THE UNIVERSE (arbitrary units)
are predicted to be at a temperature of

’ —-| ]o- Helium KTronslf ion, tNow

1.9K (1.7x10** eV) and to have an A bl Rodiation fo Matter

Electrons Relativistic, Filled Universe

average number density of ~56/cm?3 per LTINS Neutrinos; I
|ep’[0n flavor Nuclei Decompose Plasma

(units of °K)

Temperature

(units of gm/cm?’)
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J Recombines
Matter ond Radiation in Equilibrlum
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When the mean free path exceeds the horizon size,
the neutrinos decouple from matter

T,~M;""G?° ~1MeV

v

Neutrinos decouple before e*e™ annihilation, e*e™ heats up photons
2 photon + 7/8( 2 electron + 2 positron ) =2 2 photon

Relic neutrino temperature in lock step with photons and
both drop at the same rate with the Hubble expansion

T =T(t)

1/3
) (N T,~1.95K

- b 21
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per neutrino species
(neutrino+antineutrino)

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 velocity depends NNERS (v ) =160 km/s (1 eV /m
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* Timing is essential to Big Bang predictions

— Neutrino decoupling at ~1 MeV (~1 sec)
* Weak interactions constantly regenerate neutrons

— Neutron-Proton mass difference m,-m ~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

\ AMp —=n) _ QT

An —p)
Not much W|ggle room for the standard BBN prediction
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T drops below ~1 eV
(~380,000 years)




Corona Borealis
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Measuring P(k)
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Some notable caveats: k (h/Mpc)

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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DELPHI
L3
OPAL

| ¢ average measurements,

error bars increased
by factor 10

Produce ~1M Z bosons at an
e*te” 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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RV/ZZ7/N | \casured from different
m?, z(()_05eV)2 T sources: solar, atmospheric,
(Mass)? Am2 reactor, accelerator.

, ‘ A neutrino created with a
B/ NN }Am2 definite lepton flavor (in this
SYSIN so NI case, electron or muon) would

arrive with a lower probability to
be detected with the same
flavor and a non-zero
_j_ probability to have mixed into

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

2 2
The sterile component cannot have 2™Materite ™ 1 €V
weak interactions based on Z boson
data — but mass eigenstates can have

admixtures.
-
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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

P — *
What do we know? vet+ Az e + Az

Gap (2m) constrained to Te=1,+2m, +Q
< ~0.6eV
from Cosmolog\

(some electron flavor exm A

with 2m>0.1eV \ Q+m Qr2m
from neutrino oscillations)

Figure 1. Emitted electron density of states vs kinetic energy for neutrino
capture on beta decaying nuclei. The spike at () + 2m is the CNB signal
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« Target mass: 100 grams of tritium (2 x 10%° nuclei)
« Capture cross section * (v/c) ~ 1044 cm? (flat up to 10 keV)

* (Very Rough) Estimate of Relic Neutrino Capture Rate:
(56 v ./cm3) (2 x 102° nuclei) (1044 cm?) (3 x 109 cm/s) (3 x107s) ~ 10 events/yr

(5 events/yr for Dirac neutrinos)
Lazauskas, Vogel, Volpe: J.Phys.G G35 (2008) 025001

Cocco, Mangano, Messina: JCAP 0706 (2007) 015
o(v/c)=(7.84+0.03)x10-45cm?

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

For low masses ~0.15¢V, the local 10 b 0:3 =V 0.15 eV

enhancement is ~x1.5

1 IIIIII|,|] IIlIIIIII 111 1111 L1111l
1 10 100 1 10 100 103

r [h-1 kpc]
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Relic neutrinos are uniquely the largest source of
non-relativistic neutrinos

Long, Lunardini, Sabancilar: arXiv:1405.7654 V vV

Factor of 2 difference | aaiiacaliiE s <l
in capture rate

~§— spin —P- Spin
Neutrino Antineutrino

- Neutrinos decouple at relativistic energies (left-handed) (right-handed)

- Helicity (not chirality) is conserved as the universe expands and the relic

neutrinos become non-relativistic

Dirac: after expansion, only ~half of left-handed helical Dirac neutrinos are

left-handed chiral (active) and antineutrinos are not captured

Majorana: ~half of left-nanded helical neutrinos are chiral left-handed and

half of right-handed helical neutrinos are chiral left-handed (active)

:ction of motion A
. ' : . > ot = <
MajoranalD cte % eutiinoles

dou_ble beta‘decay; 3o o Sl oo Lottt
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Tritium experlments typically use diatomic tritium T2 where
the bond strength is approximately 4eV.
But what happens when one T atom decays?

Bodine, Parno, Robertson: arXiv:1502.03497
Answer: The maximum 3He recoil energy is ~3eV. 3He

stays bound to the remaining T to form a T-He® molecule —

—

and can fall into a number of closely spaced rotational and
vibrational excited states

T-D > T-=He

Quantum Mechanics tells us that the outgoing
electron energy depends on the change in the
binding energy of T2 to (T—3He)




T-T > T-He? Tritium endpoint shifts
Level Diagram from excited states

AM(He,T) = 18589.8 £ 1.2 eV

E,(HeT") = 1.90 eV
HeT)' +e' y ’/ E_(T)=13.60eV
*He + T\ Y

- \ / "

E_ (He)=246eV




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| single-sided-hydrogenated

- Graphene
room temperature, but with a weak| Planar (uniform bond length)

enough binding that the hydrogen |- semiconductor (~Si gap)

can be readily released - [Felktifbaet Wil lie)
~3x10"3 T/mm? (~80kHz of decays/mm?)

Different forms of hydrogenated graphene have a hydrogen
blndlng energy less than 3eV with potentlally no blndlng for He3
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DC ExB fields applied in
a 20 cm x 50 cm st. steel
lRF'P'asma el chamber with ceramic side

/ walls.

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

Diagnostics:
Si wafer immersed Langmuir probes, emissive
In the plasma source probes, optical emission and
laser diagnostics of plasma

Raitses et al., DOE PSC Meeting, 2013

: e Will-use:cold magﬂ?trzedéplasma T, <'{§¢ for
PRINCETON C \ 'O$na§|@n"\0f gra—phene

PLASMA PHYSICSh
A IR TR < B
LABORATORY oy -




* The largest and nearly msurmountable 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
or up to a few hundred layers of tritium)

— Need approximately 10° m? of expose surface area,
that's ~200 football fields

— Cannot be achieve with a flat planar surface — needs
nanotechnology and micro-pattern fabrication to solve




COMSOL calculation:

Magnetic Field Lines

Graphene Layers

] —

ExB Deflection Plates

VN

e o

Electron Trajectories/7

Adiabatic
Invariant:

21 Solid
Angle




Rows:and rows of Tritiated-Graphene
Surfaces and ExB electrodes

solenoid volume with ~0.5mm layer spe




'z.,‘“ X ":‘ -

l

, ¢ ¥ .
r-"\ /% ~ J |
HJ‘JF" AP EXPEAIeIiz lpl
- ‘ <)y &
Prmceton Tritium Observatory for Light, Early universe, Masswe neutrlno Yield

» Low Field Cryogenic

(Surface Deposition) N
A Long High Uniformity (Tl Eey)

Solenoid (~2T
/ High Field Solenoid ~50-150eV (~2T)

\ below /
Endpoint E,+30kV

E,-18.4keV

RF Tracking
(38-46 GHz)

Time-of-Flight
Accelerating (De-accelerating
Potential Potential)

MAC-E filter
(De-accelerating
Potential)

Accelerating
Potential
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— ANL Group (Clarence Chang) estlmates ~0. 55eV at |
1keV and ~0.15eV at 0.1keV operating at 70-100mK

e

Thermometer 100eV electron can be
’ stopped with very small C

(example) SPIDER Island TES

Temperatur
<(—O| m—2>>
R

C G Th
ermal
Heat Conductance Time
Capacity

A

~ 100 mK cold bath (refrigerator)

Bandwidths of ~1 MHz to record ~10kHz
of electrons hitting the individual sensors
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Bffield “feed through”

100eV electrons stop in
Ultra-thin layer of gold
(small C)

Multi-layer
superconducting
shield (ALD)

Clarence Chang

Nb Leads TES

Si
G set by e-ph coupling o< T°

AE=0.15eV @ 100 eV
Operating at 70-100mK
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> ; Applied Physics Letters 87, 194103 (2005);
WY ISR CU N WOPINCRIVRIIP]  doi: 10.1063/1.2061865

(Cla) scaled down by a factor of 100 7 larger E, g, 4 B: 2.9 eV

Keep a large, but not too large to keep M small

A: 3.2 eV /0’ —p

e

Electron energy
at calorimeter:

600 eV
400 eV
200 eV
100 eV

10 eV

Thickness of Gold

Absorber:
9.64 nm
6.63 nm
3.82 nm
2.39 nm
0.68 nm

/ o
E.  =20.6keV A
/7 o -
» C:24eV
E_ .. =10.2 keV
smaller E

40 60 80
o at 25%R

- Thickness of Gold absorber can be 5 nm (~40 atomic layers),

corresponding to C, of approximately 0.04 pJ/K per mm?

- Transition-edge steepness (1/a.) controlled by normal regions and magnetic field.
Au is not ideal as it doesn’t stick well for thin layers. Clarence Chan
Alternative materials will be studied (15nm of Bi) 9

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

r.ﬁé (TRl e, NP
improve many research areas with vastly
higher precision and rapid data collection
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= —
- - £
= H o)
b >
o — D
Ly 4 __| o
2 10 =— 10° 5
S = £
S [ >
2 Sn | 8
S escape B s
o S
= 10° =

96 98 100 102 104 106
- Energy (keV)
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. Rate suppreSS|n IS achleved W|th a MAC-E flltelr\m
2 x 1019 suppression at 10eV, that scales as the
endpoint distance cubed (E-E,)3

— At 0.1eV and zero neutrino mass, there are roughly 10°
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 (2x102°)(2x10-19)/(4 x 108s)=10MHz

— 103- 104 calorimeter channels (for 10kHz bandwidth)
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Clarence Chang

CPW transmission line

3 8 >
<~ R= R

Ya-wave CPW
resonator

,—\ML

ég h}g jg SQUID

« Change in flux changes SQUID inductance

« at 1-10 GHz, can support ~1 MHz of bandwidth with
~1000 channels per line

» Originally developed for CMB measurements, recently :
. . Kent Irwin
demonstrated successful operation with X-ray u-cals
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MAC-E Filter Transmission curve
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N N A AT AT R . SRR RPN R
18.2 18.25 18.3 18.35 18.4 18.45 18.5 18.55 18.6
energy (keV)

~10-2 filter can be significantly improved
when pre-sorted by longitudinal velocity

1e-06

T T T B
r c.p.f (P(E>EQ)) —— ]
le-07 F

1e-08 -
1e-09 -
le-10
le-11 |
le-12 |
le-13 |

le-14 -

le-15 L ! ! ! ! ! ! ! ! ! !
18.5 18.51 18.52 18.5318.54 18.55 18.56 18.57 18.58 18.59 18.6 18.61 18.62
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Limiting electron trajectory

ExB drift before

entering MAC-E filter  (its outer radius of filter) Trajectories can be de-accelerated to have
_ Can be Used to differentiate \ ~constant transit time through RF tracker
electron phase space by
longitudi '
gitudinal velocity “ \ ~ |
e N Calorimeter
l
Adiabatic E"
Planar cell aperture of ~30cm? within 3.2T bore Invariant: U = )

15 1 0.5 om  -0.5 1 15 B







Oxford Instruments Kelvinox MX400
(7mK base temp, 0.4mW@ 100mK)

T




Direct measurement of systematic

uncertainties from e~ energy smearing

JIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| [ 1T

0 eV spread

1 eV spread
3 eV spread

Simulation

T2

~ Future: U

“

ra-we

AR | I
10 15

M
20
E-V, at calorimeter (eV)

<
<5 <

®elov th

~10'4 electrons
from GEANT4
simulation
(perfect resolution,
~1 month of data
with 1ug 3H)

Goals: Measure
relative endpoint
shifts of graphene
compared to T2
and determined
relative energy
smearing




AVAVAVATA zuis

Asner et al., “Single electron detection and spectroscopy
via relativistic cyclotron radiation”, arXiv:1408.5362

» RF tracking (p; and transit time) and time-of-flight

— Thread electron trajectories (magnetic field guide lines)
through a coplanar waveguide with ~wide bandwidth
(1GHz online - few x10- offline) to identify cyclotron RF
signal in transit times of order 0.1 — 1usec (with slow down)

* Currently using WMAP (Norm Jarosik) HEMT amplifiers with 1K/GHz
noise and operating in the Q-Band range 38-46 GHz (~1.9T)
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Asner et al., “Single electron detection and spectroscopy
via relativistic cyclotron radiation”, arXiv:1408.5362




Non-relativistic electrons in
cyclotron motion can have
their longitudinal velocity
slowed down.

“Trigger” information from the
RF tracker will introduce a
time-dependence needed to
reduce phase space
coverage of the calorimeter.
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« Uses large uniform geometry to achieve ~0.2¢eV cut-off
sensitivity — primarily a “Cut and Count” experiment

— PTOLEMY Goal: 10mHz ->sub-uHz Background

——

0= . ~66 micrograms
s (limited by gas column)

—.— —+— 10° CvB events/yr
—a—

—a— 0 CvB eventsfyr

 Expected e

N 1c
' tostartin = NP
i 2016 - signal x10
Bl "
@ _ |Goal: ~10mHz *
10°¢ Background
level (21922°Rn) =

L e
N
i e
—m—
10‘2—r||||||||||||||||| [ o v i s BN

18555 18560 18565 18570 18575 18580

> ) - Retarding Potential (V)
Wandkowsky, Drexlin; | C le odeling %f electron -4
processes acc%hpanyr n- ﬁtatlc spectr@me ers’, &
d0ii10.1088/1367-2630/ 33 ~§ ., _<Low Carben .(BGrexmo)& Gr




Foa ,Y ‘_" '((( :5

(‘ f}@ﬁuf ﬁf) ,Ja} 'J R | ;;F

2

B. Safdi, M. Lisanti, et al. . _ _
http://arxiv.org/pdf/1404.0680.pdf Sensitivity to relic neutrino

If CMB rest frame = relic neutrino rest frame, VeIOCIty and dlrectlon through

the direction and velocity of the Sun is known annual modulation amplitude

relative to the rest frame (<v> = 370 km/s) 0
represented by the unbound neutrino wind. (O 1-1 A)) clgle phase

2

Unboundwmg,gjff;ff Additional sensitivity to neutrino velocity
and direction for a polarized tritium

doneg X |1 +a———

Tritium polarization calibrated using beta decay electrons.
http://arxiv.org/abs/1407.0393 B. Safdi, M. Lisanti, CGT

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

Sept 23 March 20 mﬂ ;bf‘ Xz
------ | &\4 ~( ’
- - 'J. <. - L
Unbound - Sl ©- " 3* - “ .
_____ wind ,"\f‘ S €. . . ®c
VDS e 2 < » ¥
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CDM simulations WDM

| Structure|Formation

X-Ray Astronomy
Vo Ve ty
o« Ge[m(v,)P°

Sterile neutrinos will introduce a kink in the beta-decay spectrum at K°,,, — m, ==
where sensitivities down to |U_,|? ~ 10- 8 may be possible. 48
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I\/lemg of keV—neutrlnos and light neutrinos with mlxmg angle 6

dl’ dr’ dl’

.2 2
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« 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 1m? area (~300 layer cell)
0.15eV energy resolution at 100eV (highest resolution e- calorimeter)
Demonstrate RF-tagged electron identification

Measure tritium cell systematics to sub-eV

* Physics

1st direct constraint on relic neutrino density (10 above nominal)

Competitive resolution performance on neutrino mass (systematics
will be measured)

Early universe relic sterile neutrino limits (up to ~10keV) for a range
(|Ug4)? ~ 10-4-10) of sterile neutrino electron flavor content
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Are there experimental outcomes that are inconsistent with
precision Big Bang cosmology? Yes!

— Observed neutrino mass and number density point to a different and
perhaps non-thermal component to history of the universe

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 distort the tritium spectrum
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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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probability[1/eV]

Diatomic T2 excitation
spectrum has ~3eV
smearing for excited states
below 10eV, making T2
unsuitable for high
resolution energy
separation of beta-decays
from relic neutrino capture.

Note that a cold gas (~20K)
column depth of T? is also
limited to avoid scattering
(~30eV per melastlc scatter)




KATRIN: Relatively open phase space volume — no correlation
between position, energy, and longitudinal velocity of electrons
(219.220Rn decays can feed straight in — pumping rate important)

PTOLEMY: Highly segmented phase space where position (by
solid source), energy (by sub-eV resolution calorimeter),
longitudinal velocity (by ExB drift), and RF tracking signal, all
constrain the probability that a random decay will fake a signal.

Furthermore, in order to manage the formidable size of the
initial tritium target phase space, it would be advantageous to
construct a trigger system. There are alternative geometries
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Fractional Uncertainty in Fitted Heavy Neutrino sin? 6

300 ug-years exposure

Interesting range for an anomalous
X-ray observation consistent with
sterile neutrino dark matter
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Upper Limits on the Neutrino Mass from the Tritium Beta Spectrum®

Donarp R. Hauriton, W. Parker Avrorp,f AND LEoNARD Grossf
Palmer Physical Laboratory, Princelon Universily, Princelon, New Jersey

(Received August 25, 1953)

The shape of the tritium beta spectrum near the end point has been investigated in a spherical electro-
static integral spectrograph with particular reference to the possible effects of a nonzero neutrino mass.
It is shown that the source thickness of 100 micrograms/cm?® may be satisfactorily taken into account in
the last kilovolt of the spectrum, upon which the results are based. An upper limit to the neutrino mass of
500, 250, and 150 electron volts is found for the Dirac, Majorana, and Fermi forms, respectively, of the

beta interaction,
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F1c. 3. Fourth root of tritium current plotted against kilovolts
below end point. Dotted curves represent curves predicted on the
basis of measured resolution and for various neutrino masses and
interactions. Majorana, Fermi, and Dirac interactions indicated
by (0) (4) (—), respectively, Neutrino mass g in electron volts.
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PTQI:EM? prototype at PPPL — January 2013
‘(large vac-tank ready for install)
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Electron Trajectory
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» Take a biological sample from centuries
ago exposed to atmospheric carbon

—> Now

With a half-life of ~5700 years
levels of C'* of 10-12 in 2x102° nuclei
will produce 100 Hz of decays

In a window of 0.5 eV (Q=156keV), biological levels of C'4 are
four orders of magnitude too much radiation for a relic neutrino
experiment with a graphene substrate. Fortunately,
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100 g of Tritium for 1 year

arXiv:1405.7654
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sensitivity from capture
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Electron Kinetic Energy ( Kg )

For m(v,) ~0.5 eV,

o ..
U_4J2 ~ 0.03, AN, = 1 %o of Dark Matter limited

f.~20
" by Structure formation

7 'C

Either a Majorana or a Dirac

10
(keV)

N

N

SERTE ~4 events/100g-year

neutrino can decay radiatively:

capture ~9 €vents/100g-year
For m(v,) ~ 1 keV,

[Ugal> ~ 104, AN = O, f; ~
5000 (ppy ~ 0.3 GeV/icm3),

Vo =V ty

X-ray constraints for
100% Dark Matter are
more stringent on |U_,|?

o Ge2[m(v,)P°

Sterile neutrinos will introduce a kink in the beta-decay spectrum at KO, ,—m, =
where sensitivity to |U_e4|2 ~ 10" may be possible with a fast response detector
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(quoted from work of) V. Kornoukhov
51Cr decays to 'V (Vanadium) through electron capture
e” +(27,24) > (28,23) + v,
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)

o(°'Cr) / o(relic neutrinos) ~ 19 (weighted)

Noyents ~ 40 events / 100g-years (1 m / R)? (M, e / 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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* 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) —

Final APD: Tritium Source
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« 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

New C-H bond
measurement
technique:

May help accelerate
Hydrogen fuel cell/
storage research




Development of a Relic Neutrino Detection Experiment at PTOLEMY::
Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino Yield
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S. Betts!, W. R. Blanchard!, R. H. Carnevale!, C. Chang?, C. Chen3, S. Chidzik?, L.
Ciebiera!, P. Cloessner?, A. Cocco®, A. Cohen!, J. Dong!, R. Klemmer?, M. Komor?, C.
Gentile!, B. Harrop®, A. Hopkins!, N. Jarosik®, G. Mangano®, M. Messina®, B. Osherson?,
Y. Raitses', W. Sands®, M. Schaefer!, J. Taylor!, C. G. Tully®, R. Woolley!, and A.

ZW1Cker

1Prlnceton Plasma Physms Laboratory arXiv: 1307.4738
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¢ 1 SNU = 1 neutrino interaction per second for 1036 target
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Haxton, Lin: Phys.Lett. B486 (2000) 263-271
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PTOLEMY ~3618 SNU with 100g (104° nuclei) 2.5 evts/
year

Gallex 70 SNU with 30 tons (1029 nuclei) 1200 evts/year

Homestake (Chlorige
2500 evts/year

Hard to compete with
Tritium for sub-MeV
neutrino energies

|
30 50 70 100 150 200
Neutrino Energy (MeV)




Using v capture...

_ _ _ pe ~ 0.4x10° .
If Dark Matter is made by sterile neutrino = Ps M,[keV]

Looking beyond the beta decay endpoint energy (background free region)

T TTTT

100 g of Tritium for 1 year
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— 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.

e 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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* In order to avoid magnetlc 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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High Field ~ Low Field
Source Solenoid (~0.003T)

Precision e-gun | Disk (~4T)
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switchyard
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Angular con-t’rq..l"’ for RF tracker
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f%ams“.;?‘, D D ,.,‘
SR CaEIIEs)

+ PPPL already

produced tritium-
graphene samples in
the 90's In TFTR

— These have been
analyzed with Raman
scattering

SRNL are providing

tritium loaded

ot b 4|
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graphene samples ‘_
— Loaded at 100 atm : o 2




