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i gﬁz Outline

» The neutrino cosmological background (CvB),
the (absolute) neutrino mass measurement.

» The Ptolemy project
» A novel type of electro-magnetic filter

» Advanced detection concepts
(nano-fabricated transition edge sensors, very low power
radio-frequency detection)

» A Tritium target based on carbon nanostructure

2 Gianluca Cavoto



020

Istituto Nazionale di Fisica Nucleare

103¢ sec ‘

1 sec ‘
380.000 year

27 November 2023

» What happened 1 sec after the Big Bang??
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&% Neutrinos decoupling

» Primordial universe
in (local) thermal
equilibrium
» If a reaction rate I

1s less than Universe
expansion rate H,

a particle/radiation
species can
“decouple”

» Spectrum
determined by its
temperature at that
time



cosmological neutrino background

» Messengers from 1s
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i & A long sought messenger...

» Several attempt to propose a detection of (neutral) particle

with minuscule momentum
Torsion balance

——
» Neutrino wind: coherent scattering
» Need to measure a very small acceleration
O(10-27 cm/s?)
but with (GW) laser interferometry
.. ®
~ 10-16 cm/s? shel B
https://arxiv.org/abs/hep-ph/0107027 °o?

https://arxiv.org/abs/2109.07482 And more:

] * Interaction with high energy neutrinos
https://arxiv.org/abs/1703.08629 + lon storage ring

- Superconductors,
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https://arxiv.org/abs/1703.08629
https://arxiv.org/abs/hep-ph/0107027
https://arxiv.org/abs/2109.07482
https://arxiv.org/abs/2109.07482

s Capture on radioactive nuclei

» Weinberg (1962)

» Revived more recently: Cocco, Mangano, Messina (2007)

Regular 3 decay / e [ B spectrum
‘ —> . \ X <
(4,2) (A,Z+1) Ve ~ O
m, Te
Neutrin:/ capture - ‘ CvB
AZ)  (AZ+1) %
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.128.1457
https://arxiv.org/abs/hep-ph/0703075

» Why tritium:

» Relatively high cross
section for capture

» Relatively long lifetime

(12y)
» Low Q value (18.6 keV)

» But

» Need 100g 3H for
~10 CvB events/y

» And 3H beta decay rate
is ~0.2 THz/mg

s The target, atomic tritium SH

Ptolemy Coll, M.G.Betti et al. JCAP 07 (2019), 047
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https://iopscience.iop.org/article/10.1088/1475-7516/2019/07/047
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Access to several neutrino features
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S gﬁg The experimental challenge

» How to get to <50 meV (P) electron kinetic energy
resolution at 18.6 keV (1.e. <3 ppm)

» How to deal with a 1018 Bq radioactivity ?

" An R&D project |
to demonstrate the
detection concept

' The Ptolemy
project

M.G. Betti et al JCAPO7 (2019) 047
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https://iopscience.iop.org/article/10.1088/1475-7516/2019/07/047
https://iopscience.iop.org/article/10.1088/1475-7516/2019/07/047
https://iopscience.iop.org/article/10.1088/1475-7516/2019/07/047
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s The Ptolemy concept

» Precisely defined (ppm) voltage difference: B-electron slowed down -
and removed - to decimate the flux unless close to the endpoint

» Measure the electrons left with E ~1-10 eV (with 10-2 resolution)

Dynamic Filter: Micro-calorimeter:
Target: RF Tracker: .
. . Selects endpoint Measures 0(eV)
Relic Neutrino —>{ Electron Pre- —> . — 5
electron in narrow electron to 10
Capture Measurement iy . .
10* energy window energy resolution

Figure courtesy A.Tan
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L7 &% The Ptolemy ingredients

» Trittum on graphene: atomic 3H stored on a thin electrode

» Fast ~30 GHz radiation fast detection as trigger
- cyclotron radiation emission (similar to Project-8)

M.G.Betti et al,
Progress in Particle and Nuclear Physics,

» Novel electromagnetic filter 106, (2019) 120-131

» Cryogenic micro-calorimeter based Transition Edge
Sensors (TES) technology
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https://www.sciencedirect.com/science/article/pii/S0146641019300080

T 1. netdrift, v, , = E/B

/ 2. no work, drift along equipotential planes
We'
g \_' cyclotron motion — detectable RF

H = = .. . . meUJz_
I: — V B X B drift, with magnetic moment u =
B2 - 2B

dT,

—

%
2. Allows E fieid to work (!): 7 =ek - Ugips

» Switch on an additional vertical E field to select only the
electrons close to the endpoint

} 13 Gianluca Cavoto



» Remember Stern-Gerlach experiment

» Select atoms according to their spin orientation thanks to
(high) gradient magnetic field.

» The Ptolemy spinning [3-electron m,vy
has (conserved) magnetic moment H =
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Position Y (m)

&8 A transverse filter M.G.Betti et al,

Progress in Particle and Nuclear Physics,
106, (2019) 120-131

» Switch on a “tuned” additional vertical E field to select only
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https://www.sciencedirect.com/science/article/pii/S0146641019300080
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The demonstrator

A. Apponi et al 2022 JINST 17 P05021

RF pick-up

An exponentially falling B field
(fringe field)
+
Non-uniform E field

Being built, assembled and operated at INFN LNGS

EM-filter region

mbled and operated at IN

—

- "‘;’“
rting 2024 )
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https://iopscience.iop.org/article/10.1088/1748-0221/17/05/P05021
https://iopscience.iop.org/article/10.1088/1748-0221/17/05/P05021
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» First electrons pass in a high B F= 1 eB
field region, emission of 27 m,y

radiation in RF range Rough O(eV) resolution
(!) measurement of

» From detected RF power (raw) energy and pitch angle

sensitivity to transverse P
2e"B

momentum P = 2_1)sin®0~1FfW—>0
4 ey 3mZc (v ) /

Pitch angle

Pioneering work by Project8 @ FNAL
A.Esfahani et. al, JPG Vol44,#5, 2017
https.//arxiv.org/abs/1703.02037V 1 83mKy  Region of interest near the 30.4 keV lines

(bins are 0.5 eV wide)
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https://arxiv.org/abs/1703.02037v1

Electron Transport: RF pickup & Filter

RF Antenna Region

Dynamic EM Filter Region

Wi

e

Calorimeter >




xﬁz The source and the end of the filter

» Goal of the <50 meV energy resolution:
» Preparare the initial state on
» A well defined spatial position (electrode)

» Deal with intrinsic quantum spread of localisation
of atomic 3H (Heisenberg limit)

» Interplay with condensed matter physics
» Detect the electrons after the end of the filter
» Kinetic energy much reduced (up to 10-100 eV)
» Deal with absorption of very slow electron in materials
» Transition Edge Sensors (TES) as micro-calorimeters
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<R

Istituto Nazionale di Fisica Nucleare

The target for neutrinos,
source of electrons

Electron detector

EM-filter region

} 20 Gianluca Cavoto



» 3H atom chemically bound to a
C atom on a flat graphene

» Solid substrate

» “Solid” tritium source, easily
manageable

» Well defined potential
» Prevent molecule formation

» Can store (up to) 0.5 mg/cm?
Mahmoud Mohamed Saad Abdelnabi et al 2021 Nanotechnology 32 035707

} One 3H ea Ch C Mahmoud Mohamed Saad Abdelnabi et al Nanomaterials 2021, 11(1), 130
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https://iopscience.iop.org/article/10.1088/1361-6528/abbe56/meta
https://www.mdpi.com/2079-4991/11/1/130/htm

s Hydrogen on graphene

Nano Lett. 2022, 22, 7, 2971-2977

» Successfully tested various techniques to “implant”
hydrogen (deuterium) to Nano-Porous Graphene

» Hydrogen chemi-sorbed on NPG (single or double layers
continuous graphene surface)

22 Gianluca Cavoto



& e Graphane
Nano Lett. 2022, 22, 7, 2971-2977
» Larger than 90% hydrogen Clean-NPG
coverage

» In situ A thermal cracking

» H atoms diffuse in UHV to e i
NPG o
» X-ray photoelectron I —
spectroscopy on C Is: amount after 150 min
of sp3 coordinated H
» Band-gap observed: A
after 300 min

semiconductor (graphAne)

D e Y SeSeRp

288 286 284 282
Binding Energy (eV)

di Next put tr|t|um on graphene and demonstrate it |s '
a “solld” radloactlve source
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https://pubs.acs.org/doi/full/10.1021/acs.nanolett.2c00162
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Electron detector

SMaLLeRh il The very end of the filter,
Detecting the surviving
electrons
(close to the endpoint)

p 24 Gianluca Cavoto
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s Superconductors detectors

» Operate a superconductive

metallic nano-film close to the
phase-transition temperature

» Small increase of the
temperature, drop the bias

large current, very steep
response

» SQUID current readout

» Various applications:
X-ray, telecom, astrophysics,

QT, ...

Gianluca Cavoto



&3 Detection with cryo-micro-calorimeters

» Transition Edge Sensors (TES) technology
» Developed for photon sensing
» Increase in temperature measures deposited energy

C: thermal capacitance r

G: thermal conductance

1
AE ~ (kgT 2 C B)2

Energy resolution: better at low T and small C
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NRIM

CERC U UG CA

» Aim at large (~1 cm?) sensors, array of TES sensors (with
multiplexed readout)

» Port TES to detect very low energy electrons

50x50 um (T50)

SiNy 500 nm 10x10 um (T10)

SiNy 500 nm

20x20 um (T20)

Thermal bath
100x100 um (T100)
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&% TES tested with photons

» Counting of infra-red
photons (0.8 €V) very
successful

» Scaling to a smaller area
15x15 um?
(1.e. smaller capacitance)

predicts 50 meV FWHM
energy resolution

Next challenge: demonstrate electrons can be absorbed and detected
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Outlook
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i &2 Neutrino mass determination

» End point of the B-spectrum of 3H sensitive to neutrino mass.

KATRI N hitps://www.katrin.kit.edu/

Rear : Windowless gaseous . ' Pre-
E Transport Section gspectrometeri

Section 5 tritium source Main Spectrometer Detector

» Ptolemy aims at storing
up to ~mg

+ Calibration &  « Tritium B-decay rate  *

monitoring : of 10" 1/s . . !
: 1 differential pumps ] ) i+ Si-PIN diode array 3 L4
«  Artificial i + Operating parameters ; + MAC-E filter width: 0.93 eV @ 18.6 keV E H 1n a lrst p as e
electron ' (T, p, efc.) stabilized ; + Tritium retention ' 1+ Highly efficient
SSSSSS at 103 level factor of >101? « Operated at UHV conditions (<10-'° mbar) e counting

» More compact
(~1 m long) apparatus

PrOjeCt'S https://www.project8.org/
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https://www.project8.org/
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 Neutrino mass as first

result
1. Small exposure already gives £>’;
sensitivity to O(10meV) m, 2
)
@
2. Crucial for design of full S
scale CvB PTOLEMY with c
100g tritium -..‘..i
2
» Working on a more realistic 2
sensitivity estimante
» including initial

and final state of 3H and 3He
interaction with graphene)
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» Pushing energy resolution to low value crucial to cover
cosmology prediction
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& CvB astrophysics (!!!)

Graphene with polarized tritium nuclear spin

33
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» Neutrino localisation

» Being non-relativistic
they feel “near-by”
large scale structure

» Becoming part of
multi-messenger
astronomy...
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CEN &% Relic neutrino sky map

Simulation

Sky map of m, =0.05 ¢V

-176166 uk 157773

Fractional variations in neutrino capture rates

[ —
0.919818 R/R 1.07943
Time Since the Big Bang

(Billions of Years)

Multi-messenger astrophysics with the cosmic neutrino background, C.G. Tully and G. Zhang JCAP06(2021) 053
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https://iopscience.iop.org/article/10.1088/1475-7516/2021/06/053
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with atomic trittum on a solid substrate and cryogenic c rlery
to reach a 50 meV energy resolution.

» Measurement of neutrino mass from beta spectrum endpoint might
be done on a shorter term

h » Currently in active R&D phase |

" » Carbon nanostructure to store atomic tritium |

» Also a theoretical activity to understand condensed matter effect on |
trittum endpoint l

|
» advanced detection concept (low power fast RF detection, electron }l
detectlon Wlth TES)

— = —— —— = e — S e g — —
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