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Using Galaxy Scans _ Simulation
to predict the e . : 2 Sky map of m, =0.05 eV
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Detection Method

Endpoint Structure of the Tritium Beta -Decay

1010 - Miightest = 50 meV
. A=10 meV
; 108 -

o S 2 S

T 1065 - = He+e™ +7 | Endpoint of spectrum

= e NO

O 104 { = 10

G CvB:v,+3T—3He + e~

= 102+

5 ~0.1

> 0 captures

iy 10%+ per gyr

10_2 1 1 ‘IV | 1
—200 —100 0 100 200
Ec — Q (meV)

Gap (2d ) constrained to
m < ~200 meV

from precision cosmology

300

Electron flavor expected with
m > ~50 meV
from neutrino oscillations

~__ 3

3H 9/

& -
s

Relic neutrinos
Neutrino momentum ~ 0.17 meV
For& =50 meV,
KE = p%/2m
= (0.17 meV) /100 meV
= 0.3 meV




Tritium on Graphene

Atomic tritium hugely favorable to molecular gaseous form
Limited by technology until recently
Atomic tritium on graphene:
Initial state dictated by many-body effects (phonons, thermal/ZPM)
Final state is much more crowded (3He* states, vibrational modes,
electronic excitations, &)

Requires precise control of theoretical uncertainties
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Uncertainty principle (~0.5 eV) makes flat graphene unsuitable for CNB detection

Substrates enabling delocalization under study
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Tritium on Graphene: Neutrino Mass

(Andrea Casale Columbia)

3He* bound or ionized final state e ol e T
Three models for final Helium potential w.r.t. electronic density: o [ EiffgiﬁiiIiijliilllgilii I o " 1 5 .
Sudden: same as tritium at equilibrium position E e S
Semi-sudden: assuming tritium at same position as the helium : 1?’0
Adiabatic: Born-Oppenheimer, system relaxes § ig
Bound SHe* states at end of spectrum form a discretestep structure o .
1072 i
Features of steps are sensitive tod , can fit with O(50 meV) resolution + statistics o n mw
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Atomic tritium on graphene N
RF_tagging and background reduction Target RF-tracker Transverse drift filter TES pCal
| II ]
A new type of EM spectrometer 18.6 keV

TES microcalorimeter detector ,
Microcalorimetgr

Phase -0 (now -2027): Technology validation /

LNGS demonstrator (now under construction)
Conceptual Design Report

Phase -1 (2027 -): Neutrino mass measurement proposal
3-yr physics run, 1-10 ug tritium

50 meV resolution

150 meV sensitivity

Tritium

1 meter Target

Pontecorvo (nee Princeton) Tritium Observatory for Light Early-universe M assive-neutrino Yield



Area / Area,;

Solid State Tritium Target

2017 : 40% graphene hydrogenation (graphane)
2022 : ~90% hydrogenation, free-standing nanoporous graphene
2024 : 100% monolayer graphene hydrogenation

O hydrogen atoms
. carbon atoms
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RF tracking and background reduction

Estimate pitch angle of electrons from longitudinal
bouncing motion in uniform field region (~1 T)
Extreme background reduction

Project 8 results: < 3x101%/eV/s (90% CL)
< 1 event per eV in 100 years!

LNGS test: 1 T permanent magnet and®3™Kr gas
Zero-deadtime FFT on RFSoC DAQ at Nikhef

(Nicola Rossi, LNGS; Pascal Bos, Michael Naafs, Nikhef)
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A New Type of EM Spectrometer

Consider: cyclotron drift motion of charged particles in a magnetic field

Orbital magnetic moment it he Afirst adiabatic fEyBDAFf i ant 0  Gradient-B Drift

= ‘E‘
T, Pe > |VB| | VE

Te <

B E
dB/dt| |dE/dt
Nature wants to conserve flux
Use specific arrangement of drifts to facilitate energy-draining

Drifts and work T ExB cannot , Gradient-B can

SRS

ExB Drift Boost

B

In the stationary reference frame of the particle:
0B
VxE = —— 0
* o 7

Induced E can do work



A New Type of EM Spectrometer

Gradient-B by itself T nothing to do work against

Add ExB T transports to lower B region and provides electric @
potential against which work can be done

Adiabatic invariant determines energy drain relative to B

More precisely, balance drift components to control energy drain,
trajectory

Equations in backup slides Gradient-B drift counterbalances
one component of ExB drift

e ] e ] e ] e ] e ) e | s | s | s § s | | e

® oo N s el e e e e

ExB drift in uniform B) > Trajectory becomes a line
would follow equipotential lines
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Transverse Kinetic Energy (eV)

Energy Resolution
T
Energy filtering is set by adiabatic invariant H = B
Exponentially bounded resolution set by form of B
Reproduced/validated in several groups +V

No explicit time -dependence (phase space conserved)
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Experimental Realization: Magnet Design

ic field? T
How to construct the magnetic field” z B, — By cos (I)e_z’“
ilet the geometry do the wohK,for y ou Py=0 .
. B, = — Bysin (X)e_zﬁ‘
Definition of curvature — A = R, fe_ -\,
,—”’)‘504 //> —y
Recycle flux from dipole field with iron C O n VB o0e n
extensions to constrain flux and field curvature b B Os R,
B, oB
. : V.B - 1 n
. field line 12 _ 0= _ - __
z B B, A R,




Experimental Realization: Magnet Design
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Experimental Realization: Transverse Drift Filter

Return Yoke Vacuum Chamber

(Andi Tan, Princeton)

Iron Extensions

Filter Electrodes
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Demonstrate slow ExB drift control for transport and injection

Princeton slow drift and filter setup

C-14 source and APD readout

Varying voltage shifts and asymmetric configurations

(Mark Farino, Andi Tan, Princeton)
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Target Injection: Collimated Electron Emission with
Permanent Magnet Longiudine

After collimation

- — Transverse
.. o . : . =F e After collimation
Motivation: reduce longitudinal KE before entering filter region =5
o _ _ Opoy = Oppi - S22t KE Collimation by Pitch Angle, 18.6 keV
Place graphene on permanent magnet (~1.5 T) in fringe field region (~0.1 T) v 18600
Miniature MAC -E Bet = 0.1 15000 -

: : N (5 T
Transverse momentum collimated into longitudinal perm

10000
@

Linear collimation factor in B via adiabatic invariant
5000 A

Effectively a pitch angle range compression (90A 27)

Pitch (deq)

Y
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18.6 keV electrons
pitch 5, 25, 45, 65, 85




Pitch angle [deg]
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Transmission Function

N = 652,800 endpoint electrons (18.6 keV)
1 mm radius ~25 ng 50% loaded tritium

Entirely static configuration 1 acceptance not yet optimized

~5% over all pitches (N=652,800)

Pitch angle approaches 90 at end of filter as desired

Average pitch angle at x=[-5mm, + 5mm]
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Interface to Microcalorimeter

Electrostatic lensing to guide electrons to TES microcalorimeter
Einzel lensi 3 rings of varying voltage
EM optics optimization in progress

Alternative measurement with electrostatic analyzer

Einzel Lens Rings Calorimeter

|
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Measurement: TES Microcalorimeter
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First electron detections with TES via carbon nanotube

<1 eV gaussian resolution @ 90100 eV
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LNGS Demonstrator

Conductive

Magnet delivery expected EQY 2025 : _
Cooling Coils

Field map at CERN

~2.5 m long electric field cage for target injection,
RF, filter

Experimental validation of:

Electron injection

Transport into high -field RF region
Filter concept O(100 eV)

Electrode system, high voltage control

MCP or silicon drift detector

Detector Region

Phase -0 (now -2027): Technology validation
LNGS demonstrator (now under construction)
Conceptual Design Report

21



Sensitivity to the Neutrino Mass

3-yr run with 1 ug: ~150 meV exclusion @ 90% CL Phase -1 (2027 -): Neutrino mass measurement proposal
No systematics includedi likely 2x optimistic 3-yr physics run, 1-10 ug tritium

e . 50 meV resolution
Sensitivity band reflects theory model variation 150 meV sensitivity (Leonardo Parma, GSSI)



