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Measuring Neutrino Mass

m? m? « Neutrino oscillations provide clear evidence for
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Probability (arbitrary units)

Direct Experiments - Endpoint Technique

Beta spectrum (of Tritium)
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Effect of neutrino mass alters beta (or electron capture) spectrum near endpoint
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Probability (arbitrary units)
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Direct Experiments - Tritium

Beta spectrum (of Tritium) - _
e Tritium is workhorse of direct mass

L. Bodine et al. PRC 2015 experiments

« 3H > 3Het +e™ +7,
« Endpoint: 18.6 keV
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Direct Experiments - Sensitivity
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Direct Experiments - Challenges
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Direct Experiments - Challenges
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Cyclotron Radiation Emission Spectroscopy

. . L B-field
- Using frequency-energy relation for relativistic electrons
d 17T
fc 0 1 B
25.9 GHz — £
L= = 2 e + Bl
18.6 keV

« Frequency measurement
- high precision

« Source volume is detector volume
- transparent to own microwave radiation
- no transport - volume scaling

- Differential spectrometer
- increased statistical efficiency

« Compatible with atomic tritium radiated power: 1fW @ 25 GHz
—> avoids final-state spectral broadening of T, - challenging to detect
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Observation of single CRES signal

« Spectrogram of detected RF power
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 Electron trapped for long observation time
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Project 8: Phased Approach

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

P h ase | — Single-electron detection; spectroscopy Fir\s}tl_\FRESI d.emonsﬁration;;mi 111;11 162501, 2015
— 8mKr conversion-electron spectrum eV Resolution J. Phys. G. 44, 20

Machine learning: New . Phys. 22 (2020)

h — Systematic & background studies Phenomenology: Phys. Rev. C. 99 (2019)
P ase II — T, spectrum and endpoint measurement 055501
RF simulation: New J. Phys. 21 (2019)

113051

Phase III R&D Phase III

— ~10-100s cm? volume; free-space detection with antenna array, mg <5 eV/c?
ase IV

— Demonstration of atomic tritium production, cooling, and trapping
— mg < 40 meV/c?

— Mass hierarchy
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First CRES setup with T,

Cryocooler - ey
< | [HEE
| f H
- o KilE A
Cryogenic Signal ||
| >
Amplifiers =
Waveguide
=
Superconducting
Solenoid Magnet I Gas Cell & Trapping Coils
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~1 mm? effective volume
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—— Predicted endpoint, Bodine et al.
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Project 8: Phased Approach

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

P h ase | — Single-electron detection; spectroscopy Fir\s}tl_\FRESI d.emonsﬁration;;mi 111;11 162501, 2015
— 8mKr conversion-electron spectrum eV Resolution J. Phys. G. 44, 20

Machine learning: New . Phys. 22 (2020)

h — Systematic & background studies Phenomenology: Phys. Rev. C. 99 (2019)
P ase II — T, spectrum and endpoint measurement 055501
RF simulation: New J. Phys. 21 (2019)
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Phase III R&D Phase III

— ~10-100s cm? volume; free-space detection with antenna array, mg <5 eV/c?
ase IV

— Demonstration of atomic tritium production, cooling, and trapping
— mg < 40 meV/c?

— Mass hierarchy
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Scale up CRES technique

Phase II Setup

8cm

- Waveqguide
¢ ~1 mm?3 effective volume
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Free Space CRES Demonstrator

331 s

« Antenna array > CRES in free space
e 10-100 cm? effective volume

x
MR Mag"el




R&D for Free Space CRES Demonstrator

Antenna design

Low noise amplifiers
Magnetic field / trap design
Simulation of CRES
Triggering and reconstruction

Calibration concepts
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R&D for Free Space CRES Demonstrator

Antenna design

Low noise amplifiers
Magnetic field / trap design
Simulation of CRES
Triggering and reconstruction

Calibration concepts
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R&D for Free Space CRES Demonstrator

Josephson Traveling Wave Parametric Amplifier
Superconducting

Near quantum-noise limited

High gain over broad frequency range (~20 dB over ~2 GHz)

Antenna design

Low noise amplifiers

Magnetic field / trap design

Simulation of CRES

Triggering and reconstruction

JTWPA for Project 8

Performance of 26 GHz JTWPA unknown
Multiplexing (not validated >10 GHz)
Magnetic fields

Operating temperatures

Calibration concepts




R&D for Free Space CRES Demonstrator

Antenna design

Low noise amplifiers
Magnetic field / trap design
Simulation of CRES
Triggering and reconstruction

Calibration concepts
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R&D for Free Space CRES Demonstrator

(atomic) track length / s

. 100 101 102 1073 1074 105 107°
Antenna design 107 g e e i i

. o g lecul
Low noise amplifiers Ve = 100 cm?
101—E og =20ppm
Magnetic field / trap design 3 phase lll (2.0 eV)
S 1004
. . Q ]
Simulation of CRES 2 100
o 1 atomic

1 Veff=5m3

. . . 1| 98=0.13ppm
Triggering and reconstruction 107
] Phase IV (40 meV)

o
(=]
Deviation |§| / ppm

Calibration concepts

1 year lifetime
104 10 10 10V  10® 10 102 107
(atomic / molecular) number density p/m~3

-7.5

-10.0

PANIC - Sept 8, 2021




R&D for Free Space CRES Demonstrator

. 90° 18.6 keV e-, 30 channels, 1 ms
Antenna design

£ o.osE :E
: . > 0.04 =
Low noise amplifiers - T
0.03[ 2
. . . 5 8.
Magnetic field / trap design 0.02F 3
0.01 o
©
Simulation of CRES 0 £
-
-0.01 W
Triggering and reconstruction _0.02F
o ~0.03F
Calibration concepts 5
-0.04—
-0.0 ':1||u||1||||||1|1||. N NN RN NE NN 0
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R&D for Free Space CRES Demonstrator

Horn antennas

Antenna design

Reconstructed Electron Position

- 1.2
Low noise amplifiers

Magnetic field / trap design

Simulation of CRES

10

Triggering and reconstruction .

30
—-30 —20 =10 0 10 20 30
x (mm)

see also poster by A. Ziegler

Calibration concepts

Artificial signal source



R&D for Free Space CRES Demonstrator

Antenna design @1 Mage

J * Precise calibration of magnetic field "
Low noise amplifiers * Accelerate electrons by electric field

« Well defined electron energy & position
Magnetic field / trap design « Map field in center of MRI :
Simulation of CRES
Triggering and reconstruction —
Radiation Block
Gas cell
o

Calibration concepts Electron o “Lte el " Faraday

e ° [
Gun ﬁ . ........ . ...... . ...... . .......... . ................. > E] CUp
Radiation

1 transparent window
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m/z = 1 Counts

~0-20 m/s
atoms

Atomic Tritium Demonstrator

I
@ :___. @ ~1 T field step Neutral atom trap

T atoms T atoms ~77-80 m/s
~2500 K \J 8 K atoms
Cracker Accommodator Velocity & State Selector
~2500 K 160 K, 8 K Inhomogeneous mag. field
100 -
; High-flow H, >2H $ Develop. . :
807 cracking demonstrated - atomic tritium production
. ® i . cooling to <50 mK Ioffe trap: superconducting coils
60 o | ) Halbach array: permanent magnets
20 . | « trapping of neutral atoms
20 ¢ Developed using hydrogen and deuterium
. oo oo

0 500 1000 1500 2000 2500
Capillary Temperature [K]
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Project 8: Phased Approach

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

P h ase | — Single-electron detection; spectroscopy Fir\s}tRCRESI d.emonsﬁration;;mi 111;‘1 162501, 2015
— 8mKr conversion-electron spectrum eV Resolution J. Phys. G. 44, 20

Machine learning: New . Phys. 22 (2020)

h — Systematic & background studies Phenomenology: Phys. Rev. C. 99 (2019)
P ase II — T, spectrum and endpoint measurement 055501
RF simulation: New J. Phys. 21 (2019)
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= 1 Phase III R&D Phase III

— mg < 40 meV/c?
— Mass hierarchy

mg? [kev?]

— ~10-100s cm? volume; free-space detection with antenna array, mg <5 eV/c?
— Demonstration of atomic tritium production, cooling, and trapping
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180 0

1 | 1 L L L I}
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Energy [eV]
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Backup
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Present Conceptual Design

* Antenna array
« One ring with 60 antennas
« Antenna radius 10 cm
- Slotted waveguides with 5 slots

 Gas cell
 Radius of 5cm

« Magnetic trap
« Harmonic trap of two coils
 Flat trap of four coils

« Coils are idealized as their spatial extent is tiny
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A CRES Electron’s Motion

« Cyclotron motion (~26 GHz)
» Mainly determined by background field

 Typical cyclotron radius 0.5mm

« Axial motion (~10 MH2z)
« Depends on pitch angle
« Depends on trap shape

e Grad-B motion (~10 kHz)
- Component for off-axis electrons

« Proportional to B x VB
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Trap

radiated frequency
trajectory

Antenna

gain

V() o< 4 (0(7(0), 7)) exp(i o (F(D)t + )

=3adm

Amplitude Modulation 051 58" Frequency Modulation

02 Defines signal

000 5 ho 55 6 25 o 75 100 Makes use of Signal

Mixed-down Frequency / MHz

Trigger

FFT, beamforming,
decision
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0.6 1
Fantenna = 10jcm
Felectfon = 3 M
. o 051 g=89°
Imulate IgNals :..
>
& 0.3 1
§ 0 18.6 keV e-
~ 0.05¢
0.2 g g
> 0.04F
0.1 -
0.03F
0.0 : l — - 0.02}

-100 -75 =50 =25 0 25 50

Mixed-down Frequency / MHz 0.01

Measure complex voltage in each antenna

Summed array power (W/Hz)

Determine energy using carrier of spectrum

Use interference of antennas to locate electron 05t ARSI 2Joc i
position ‘ X<mS)NR:1OdB

Simple trigger algorithm enables detection of

electrons with 8 > 88° and r < 2-3 cm trapped

not detected

r/cm

Effective volume £V on cm?3 scale

86 87 88

pitch angle at center / deg

0.000 0.025 0.050 0.075 0.100 0.125 0.1|50 0.1|75
detected power / fW



