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THE STATUS OF THE
PROJECT 8 NEUTRINO MASS EXPERIMENT
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BETA DECAYS AND THE NEUTRINO MASS

* Absolute mass scale and ordering are still unknown

anti-neutrily
_e

* Tritium B- spectroscopy is the leading technique for direct neutrino mass

measurements 3H B-decav electron

. Beta decay endpoint should match the mass difference (~18.6 keV) for m, = 0

-Determine the neutrino mass from the shape of the tritium B-decay spectrum endpoint 3He
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THE IDEA: CYCLOTRON RADIATION EMISSION SPECTROSCOPY

‘New spectroscopy technique: Cyclotron
Radiation Emission Spectroscopy (CRES)

‘Formaggio and Monreal, Phys. Rev. D 80, 051301(R),
2009

*Electron on a magnetic field: cyclotron motion;
emitted cyclotron radiation depends on electron
kinetic energy

‘Frequency falls in the microwave K-band for

~1 T fields A A A A A

A

Tritium endpoint at 18.6 keV —— — —— —— ——

= ForB~0.95T, f~25.6 GHz

+83mKr conversion electrons (e.g. 17.8 keV) can be
used for calibration — f ~ 25.0 - 26.5 GHz f _ eb
*‘Radiated Power P = ~ 1 fW for 18.6 keV electrons O 2n (m, @cz)
Surprisingly, this had never been observed for a
single electron! kinetic energy factor
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GOALS

Sensitivity to 40 meV/c?
nheutrino mass

Mainz, Troitsk N

Mg (meV)

"=y 2| Ualmi
‘Measure neutrino mass cermatOrderivg " Project 8 with T (Goal
or exclude inverted CF
hierarchy '1 S 7 B
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Q
N
=

mass of lightest mass eigenstate (meV)
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PROJECT 8
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THE PROJECT 8 SCIENTIFIC PROGRAMME: A PHASED APPROACH

Phase I
Demonstrate CRES technique on 83mKr mono-energetic electrons.
Status: Complete! Technique demonstrated.

Phase Il
First T2 spectrum. Extract endpoint. Study systematics and backgrounds.
Status: Nearing completion

Phase lII.
(a) “Large Volume” CRES
(b) Atomic tritium production and trapping at high densities

Phase IV
Large atomic tritium experiment. Inverted mass ordering reach (40 meV)
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PHASES | AND Il - THE DETECTOR

Assembled at the University of Washington in Seattle, WA
‘Phase | 8mKr only (2016); Phase II: 83mKr and T2 (being completed now) Waveguide to amplifiers

& anvaV

a;; M W

Phase | setup

Receiver

(1)
A

40 K cold head

T m

gt

2X cryogenic low-noise
microwave amplifiers
(54 dB)

- A

windows

83mKr gas system

m

waveguide

=
=
=
=
=

repurposed NMR
superconducting

magnet ~ 1 T, —*

52 mm warm bore

Insert:
Gas Cell, Magnetic
Trap, and Waveguide

B-field

Phase Il B-field
(inside) Insert
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FIRST DATA

‘First detection of single-electron cyclotron radiation - Phys. Rev. Lett. 114, 162501 (2015)
- Data taking started on 6/6/2014
‘Energy reconstructed from the event initial frequency: 83mKr lines: 17.8 keV, 30.4 keV, 32 keV, and more

Amplitude

1 SNE S Frequency (GHz)
792 25.6 25.4 25.2 25.0 24.8
| | 1 030 _l I I I | I I I | I I I | I I I | I
| | ‘ | |
190 ‘ jumps electrons catt$rs of 2 > B 600F
gas| molecule, losing energy 9 0.25[—
288 l and changmg TItCh anélé , | 1-3 < _ 500
| N - S
| | | | D 0.20— O
1-4 _g— - < 400
786 | - - g
~ ' 17 S 0.15 o 300F
= i ‘ O L S
< 784 ﬁ L n - S
N I | early risi g 1-6 o - o 200k
5 awii ‘ 1 frequency: A 010~ ©
§ 782 N | | radlatlve ern'ergy Io$s | i 4"5’ - H
5 * | || slope ~ ‘1fW s 3ok m
= .
S 780 f l O N 01 302 303 304 305
2 Frequency of first trac gives = - | |||,'L| | | | | o “er ” ﬂ:‘n |
e initial electron kinetic enerav o 0=56 18 20 22 24 26 28 30 32 a4
79 80 81 82 83 84 85  p Reconstructed energy (keV)
scale: 1 MHz ~ 20 eV time (ms) Jy = 27 (m, + K/c?)

de Viveiros - Penn State CIPANP22 August 2022 v1 #8



FIRST TRITIUM DATA

*First Tritium Event - Same general features as seen in Kr data

+Short initial run followed by a systematics campaign — Study of spectral distortions due to efficiency and lineshape
are critical
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‘Decreasing trap depth

reduces event

acceptance, increases

field uniformity

= Reduces event rate
= Improves resolution

Total Field B[ T]

ACHIEVING EV-SCALE RESOLUTION

‘Resolution measured by fitting 83mKr
calibration data: 17.8, 30, 32 keV

‘Best demonstrated instrumental resolution:

FWHM =1.2 eV

‘For the 32 keV line from 83mKr

17keV Peak vs Track Frequency (before Mixers) - 20140829 Dataset
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ENERGY RESOLUTION AND TRAP CONFIGURATION

*In Phase |, we usually operate in one of two possible
configurations: 1400

Shallow harmonic trap for high precision scans

1200
Deep harmonic trap for high statistics

‘Resolution measured by fitting 83mKr calibration data  — 1000
*17.8 keV K-line from 83mK, S ano
with FWHM = 2.8 £ 0.1 eV natural line width 2

Best demonstrated instrumental width: § 600
FWHM =171 0.2 eV

400

-Satellite peak from shake-up/shake-off and scattering
from residual gas

‘Detected line shape well-described by model

200

—— Shallow trap data
—-—- Shallow trap fit result

Satellite
Peak

e

1.7 eV FWHM
instrumental
resolution

/

L

17.5 17.6 17.7 17.8

17.9 18.0

Reconstructed kinetic energy (keV)
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ENERGY RESOLUTION AND TRAP CONFIGURATION

*In Phase |, we usually operate in one of two possible
configurations: —— Shallow trap data
. : . 2000{ ——- Shallow trap fit result
Shallow harmonic trap for high precision scans — Deep trap data |
Deep harmonic trap for high statistics ---- Deep trap fit result ‘
‘Resolution measured by fitting 83mKr calibration data 1500
17.8 keV K-line from 83mKr, s
with FWHM = 2.8 £ 0.1 eV natural line width 2 . Deeper Trap Shallow Trap
-Tritium dataset uses deeper trap: 3 For High For High
FWHM = 54.3 eV Statistics Resolution
» Higher statistics at cost of energy resolution — Better 500 \
predicted sensitivity to endpoint for ~100 day run
‘Compensate for small 1 mm3 effective volume /) f
O.

‘Detector response model still works well 17.5 17.6 17.7 17.8 17.9 18.0

‘Effects from magnetic field inhomogeneity, Reconstructed kinetic energy (keV)
scattering, and missed tracks are understood
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83MKR MEASUREMENTS: FREQUENCY DEPENDENCE

‘Magnetic field swept to study efficiency and
scattering effects across frequency ROI

*Using 17.8 keV Kr line
Iy

‘Direct characterization of significant
RF response variation of the waveguide

‘Notch in efficiency is understood (*)

»Caused by the interaction with TMo1 mode of

detection cavity

»Quantitatively characterized and is accounted for

In analysis

eB
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PHASE Il TRITIUM RESULTS

*Long science run completed in 2020

|
-82 net days of data taking, 3770 events 200} — Faed moder |
-4 trapping coils, 1 mm3 effective volume * * - zreéfted Tn_d?;;n;?;d”:/e etal
.T d ] t t ] 150 |f==.\ O INterval = _18 €
2 endpoint measurement in o | AETTING, | Data
agreement with literature = | T st e
. '® 100 = Y 00| 40000 + Literature )
.Frequentist: £, = (18550*2) eV (15) O ) )
-Bayesian:  E, = (18553*|7) eV (lo) col e * |
. . ;
‘First neutrino mass measurement s
using CRES ! ' ' ' '
‘Frequentist: < 178 eV/c* (90% C.L) = ig T .
‘Bayesian: < 169 eV/c? (90% C.L) B 0.0F it ae tata e v Tttt Tereeeieenieeeeennnnnns
_ O —1.5F e
'No events past endpoint < 30 16500 17000 17500 18000 18500 19000 19500
=> sets limit on background rate: Energy [eV]
<3x10719%ev-isTt (90% C.L))
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THE PROJECT 8 SCIENTIFIC PROGRAMME: A PHASED APPROACH

Phase I
Demonstrate CRES technique on 83mKr mono-energetic electrons.
Status: Complete! Technique demonstrated.

Phase Il
First T2 spectrum. Extract endpoint. Study systematics and backgrounds.
Status: Nearing completion

oooooooooooooooooooooooooooooooooooooo
eeeeeeeeee

Phase lII.
(a) “Large Volume” CRES
(b) Atomic tritium production and trapping at high densities

Phase IV
Large atomic tritium experiment. Inverted mass ordering reach (40 meV)
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PHASE-III

Phase-lll: Develop the new techniques needed to achieve the Project 8 goal sensitivity

Atomic Tritium

= Decrease Final State Uncertainty CRES in Large Volumes

/ ATOMIC TRITIUM DEMONSTRATOR / LARGE VOLUME CRES: RESONANT CAVITY \

(reducible. final state distribution in 3HeT+ final state after decay —— olar decay rate can be greatly reduced by lowering magnetic field for longer trapping life times
lecular tritium complicates the extraction of neutrino mass N | Atomic T agnetic field of 0.01 to 0.04 T = Frequency of 0.3 to 1 GHz

s all future tritium-based experiments to ~100 meV sensitivity!

vity volume scales as 1/f2 = Lower frequency makes resonant cavity desirable
iltiple Transverse electric (TE) & transverse magnetic (TM) modes = Complex signal and complex readout

sign: Cylindrical, mode-filtered (suppress all by TEonp modes), open-ended cavity (to allow for atom flow)
e either helical grooves or insulating rings to allow only only circumferential currents

§

h to Atomic Tritium to improve mass sensitivity: 40 meV! & (

nges: How to produce atomic T? How to trap?

Itaneous efforts to create large flow of tritium atoms, typically at
t 100 times higher than commercial crackers

Relative probability

el translation I L |
-8 -6 -4 2 q

m atoms have a magnetic moment; two of the four spin states are ‘ PR | — i Finches &solenoid Ny

Relative Extrapolated Endpoin]

In towards low-magnetic-field regions => trap them in a magnetic bottle Cavities i  Antennas Cavity

L:\: Cool and trap polarized atomic 4 Walls
in loffe magnetic trap -

i 7,__',’ - g Zi NS, \ ' 2= -L .
[nanent magnets) o Mainz ‘ "~ =24 Stored N. C. Wenger, NASA Technical Note (1
; ‘ atoms

m/z = 1 Signal at 16 [eV] and 20 [sccm] of Hydrogen
1000

® m/z = 1readings

) ) ater o split issociator 2 S = 0.001 0.01 0.1 1 / \
Teflen i becrng [ ) o 0 Design Concept: loffe mag Magnetic field (T) / \ \ INTERNAL  THICK LOSSY
ermal Cracker Schematic and power interna 00 1000 1500 5000 5500 (Image: A ’ \ / \. RADIUS a DIELECTRIC JACK
. . *\\_‘_”/“ \\

. /
Capill T t [K] .
apiiaty femperatire E. Venzura et al., NIST Technical Note

\an State CIPANP22 AUQUW/ \wnn State CIPANP22 Auguw/
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ATOMIC TRITIUM

*The irreducible final state distribution in 3HeT+ final state after decay o——————————————
of molecular tritium complicates the extraction of neutrino mass

*Limits all future tritium-based experiments to ~100 meV sensitivity!

T2 molecule . Atomic T

N

+Switch to Atomic Tritium to improve mass sensitivity: 40 meV! & (
Challenges: How to produce atomic T? How to trap? /
-Simultaneous efforts to create large flow of tritium atoms, typically at oreter o -
about 100 times higher than commercial crackers b transiation
- Tritium atoms have a magnetic moment; two of the four spin states are
drawn towards low-magnetic-field regions => trap them in a magnetic bottle
‘Design: Cool and trap polarized atomic

N

Relative probability

0 | | | |
-10 -8 -6 -4 -2 0 2

Relative Extrapolated Endpoint (eV)

m/z = 1 Signal at 16 [eV] and 20 [sccm] of Hydrogen

g n " n 1000 - -
tritium in loffe magnetic trap [ o miz—1readings . 700
. - | | § 600
*Alternative: Halbach array 800 -
_ Measured at 500
(permanent magnets) g ] Mainz l _
3 000 1 400 g
£ - S
o i\ . Il 200
j 9 200 ®
o soli Cfaom.ql W . g % 100
Teflon slide bearing Sl deeve  Taeater - o ! s 0 Design Concept: loffe magnetic trap
Thermal Cracker Schematic and power 150 mm interna 00' T 00 1000 1500 2000 2500 0 :
(Image: A. Lindman)

Capillary Temperature [K]

de Viveiros - Penn State CIPANP22 August 2022 v1 #17



LARGE VOLUME CRES: RESONANT CAvVITY

‘Dipolar decay rate can be greatly reduced by lowering magnetic field for longer trapping life times
*Magnetic field of 0.01 to 0.04 T = Frequency of 0.3 to 1 GHz

+Cavity volume scales as 1/f2 = Lower frequency makes resonant cavity desirable
Multiple Transverse electric (TE) & transverse magnetic (TM) modes = Complex signal and complex readout

Design: Cylindrical, open-ended (to allow for atom flow), mode-filtered (suppress all by TE¢1, modes) cavity
Use either helical grooves or insulating rings to allow only only circumferential currents

- Pinches & solenoid -

80—l 1 1 11 1 I I l 1 1 lllllll_

T Cavity
Cavities - Antennas 4« Walls
T Electron
c')E 60 — [
q I I
*C:D, :’E \ z . -L Z - 0 ‘
Q) 4« Cavity Figure 6 - Model of open-ended cavity
40 — 8 - — mm  Jerminations

Stored
atoms

N. C. Wenger, NASA Technical Note (1966)

INTERNAL  THICK LOSSY
RADIUS a  DIELECTRIC JACKET

E. Venzura et al., NIST Technical Note (1993)
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CAVITY R&D - FIRST MEASUREMENTS

Readout

6 GHz Prototype

»Copper tubes connected by clear PVC rings (dielectric
spacers) permit only circumferential currents

1 cm spacer, 3 cm body section, 6 cm end section
*Allows only TE0O1p modes to propagate
»Verified mode-filtering, readout via rotatable coax loop
*Measured with VNA

TE Resonances, With and Without Mode Filtering

— 7 V[ i

-5
V V\A
m —10 TM Modes
TE Modes, )
shifted down TE Modes — —15 suppressed
after filterin E — | TM Modes o
9 G —20
<C
=
—-25
—— No Mode Filtering 30 —— No Mode Filtering
——  With Mode Filtering —— With Mode Filtering
5.4 5.6 5.8 6.0 6.2 6.4 5.4 5.6 5.8 6.0 6.2 0.4
Frequency (GHz) Frequency (GHz)

Photos and Plots by A. Ziegler, Penn State
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CAviITY R&D

26 GHz 3 GHz o
+ Small Cavity for use in existing 1 T MRI magnet * Building towards a 1 GHz cavity 0
-L=6cm,R<1cm, V~10 cm3 L=115m,R~12cm,V ~ 104 cm3
» Trapped electrons from electron gun » Goal: Scalability and manufacturability 4 He
+ Goal: Demonstrate Cavity CRES; verify high volume and pitch angle + 1 - Coaxial terminations, with open inner cylinder
efficiency » 2 - Threaded” (helical) grooves for ease of manufacture
» 3 - Non-invasive “cut ring” readout: insulated ring in the vertical
center of the cavity, with a longitudinal cut on one side
Aluminum I I
- (thick Aluminum or Cooper body
sections) '
PEEK
sections)
5; Length
% variable by
<@ <4+ stacking
TEo1 £ pieces
mode &
=3 Holes for fine- el
J adjustment of o 3D printed sleeve to hold/align
end-pieces readout ring and cavity walls Readout
de Viveiros - Penn State CIPANP22
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CAVITY-BASED ATOMIC TRITIUM EXPERIMENT

Combine what we learned: 1 GHz Cavity with Atomic Tritium :
Atoms trapped in magnetogravitational trap
+Sensitivity calculations: 400 meV limit

Excess (
>
Electrons (~

-,
S
-,

I A -
Cyclotron Radiation§f
)

I e

/ Atomic Trap Demonstrator \

I Vifiducial g
E: | 10+ m3 :
L) L")
i | [IE
= I mK ’E =
| Tritium S
0,
> | Atoms -

mrge Volume (Cavity) CRES Demonstrator
N N Hot atoms

evaporate as

Electron | confining field drops
Cracker Accommodator Nozzle
Stored — T N\ /N oNsS . I veeeee 2
) - % nd
atoms oooooo i
e o™
2500 K 160K 8K

Magnetic Quadrupole
Velocity Selector & Cooler

C o
ular tritium recirculation and SUPP\Y

See A. Ashtari Esfahani et al. arXiv:2203.07349 AtomiC Source
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THE PROJECT 8 SCIENTIFIC PROGRAMME: A PHASED APPROACH

Phase I
Demonstrate CRES technique on 83mKr mono-energetic electrons.
Status: Complete! Technique demonstrated.

Phase Il
First T2 spectrum. Extract endpoint. Study systematics and backgrounds.
Status: Nearing completion

oooooooooooooooooooooooooooooooooooooo
eeeeeeeeee

Phase lII.
(a) “Large Volume” CRES
(b) Atomic tritium production and trapping at high densities

Phase IV
Large atomic tritium experiment. Inverted mass ordering reach (40 meV)
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PHASE |V

*Atomic tritium experiment combines R&D from Phase lll into large tritium trap.
» Atomic source, transport, and trap for large (>10 m3) instrumented volume.

Very Preliminary Concept Design:

Superconducting multipole at 2 K

Atoms EIEE DINN DI NN NN IDEE IEE EEm .

slow by 60 c

Magnetic Quadrupole m/s across 0. 03 K Tritium Atoms —3%

Velocity and State 1T step k;

Cracker Accommodator Nozzle K y 2
| Selector > ( 5)
goese . JEN— 4 - - < ' (—é)
o000y IEEEE—— = : ' Vflduqa|10+ m e (6'

!otm"‘
2500 K 160 K gK . 0000000000000000000000000000000000€00(
Straight
470/@ Superconducting
Cular triti, . . d ly Quadrupole
M recirculation and supp 2
Hot atoms
g | rejected by
£ / = | skimmers I B _ L _ T
R —— Superconducting multipole at 2 K
= By & | Cold atoms
/ e | ransmitted
-20
0 zlm 200
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» Target Mass Sensitivity: mg ~ 40 meV

*Resolve the inverted ordering case (mg = 50 meV)

PHASE |V

» Collaboration is embarking on campaign to provide predictions for dependence of sensitivity against key systematics.

* The energy resolution corresponding to the asymptote of the solid blue curve: oe =110 £ 3 meV

S | | | | | | | | | | | | | 10* =
10 N
Phase || g -
10" - 100 = [ Mainz, Troitsk —
S 16 16 -3 : (e
v T,, 7.5x10 + H,, 13.4x10 m C -
NEQL 10 »~ © 10° L KATRIN (2022) —
c 10" X R R L LR LR LR
= =10~ -
S i - KATRIN (Goal)
= 10 - Phase IlI: o JEN S j\-< ------------- pfo mmmm e e e e m e e e .-
© : Q V4 S
> 26 GHz Cavity 17 -3 » , y— Systematic Limit with T2
D 400 T,, 2x10 m = 10°g=========-=- R G L
= / PR 3 = Inverted Ordering
_c.?s 10-1 T 17 3 I(-DI- --------------------------------------------
= Atomic T, 4x10 ' m | < i | "~ Project 8 with T (Goal)
107 - Phase IIl Atome: e Normal Ordering
Phase IV Goal 1 GHz Cavity | 10 =
107 = - m
I l l I I I I I I I | I I- _l ] IIIIIII| ] IIIIIII| ] IIIIIII| ] | I N I I
2 3 4
]
10" 10° 10° 10" 10° 10° 10° 1 10 10 . 10. °
_ _ 3 (K. Kazkaz) mass of lightest mass eigenstate (meV)
Volume x Efficiency x Time, m -y (T. Weiss)
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THANK YOu!

Project 8 has demonstrated the potential of the CRES technique,
and charts a promising path towards a direct neutrino mass measurement!

This work is supported by the US DOE Office of Nuclear
Physics, the US NSF, the PRISMA+ Cluster of Excellence at the
University of Mainz, and internal investments at all institutions.
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http://www.project8.org/

END
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