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Towards the determination of the
absolute neutrino mass scale with Project 8

DESY, 24.06.2022
Juliana Stachurska
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Fic. 1.

C. D. Ellis and W. A. Wooster, Royal Proc A 117 (1927)



v// The Neutrino Hypothesis I"lir

* 1930: Pauli postulates

the existence of a e e
new particle to save 7 e S
energy conservation n / o s g
in nuclear beta decay ° | 4

5 P 6-0
Enercy 10 Vours
Fic. 1.

C. D. Ellis and W. A. Wooster, Royal Proc A 117 (1927)

“The mass of the neutrons™
should be of the same order of

magnitude as the electron mass “I have done a terrible thing, I
and in any event not larger than have postulated a particle that
0.01 proton mass.” cannot be detected”

*renamed “neutrino” by Fermi



s -
o Nuclear Beta Decay 1"l

* 1934: Fermi formulates beta decay theory

* Mass accessible via nuclear endpoint
measurement

E. Fermi, ZS. f. Phys. 88, 3-4 (1934)
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ye —-—
1948: <1700 eV 1972: <55 eV
Curran, Angus, Cockroft Bergkvist
Nature 162, 302 Nucl. Phys. B 39, 317
Nucl. Phys. B 39, 371
2022:<0.8 eV
KATRIN
Nature Phys. 18, 160—166
1987: <27 eV
LANL

Phys. Rev. Lett. 58, 2023

2005:<2.3eV
1953: <200 eV Mainz
Hamilton, Alford, Gross Eur. J. Phys. C 40, 447

Phys. Rev. 92, 1521
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Neutrinos oscillate |v,) = 2 U%|v) — mass eigenstates with non-zero
mass differences i

Oscillations: only sensitive to mass differences Amijz.
Absolute neutrino mass?

Mechanism generating neutrino masses most likely beyond the Standard
Model

Impact on cosmic evolution

Y

\%Y Cosmology: neutrino mass
— structure formation

SM: massless
neutrinos 6



Neutrino Mass
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« Cosmology: indirect, model-dependent, probing sum
of masses
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- Planck + lensing + BAO: D, m; <0.12eV
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« Cosmology: indirect, model-dependent, probing sum
of masses
— degeneracies between probed parameters

- Planck + lensing + BAO: ), m; <0.12eV

* Laboratory nuclear measurement: direct, sensitive to
electron-weighted neutrino mass

» Beta decay (Tritium) m} = )" |U,|*m}
« KATRIN: my < 0.8eVI0%C.L.
* Project 8

* Electron capture (Holmium)
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Neutrino Mass

« Cosmology: indirect, model-dependent, probing sum
of masses

— degeneracies between probed parameters
- Planck + lensing + BAO: D, m; <0.12eV

* Laboratory nuclear measurement: direct, sensitive to
electron-weighted neutrino mass

» Beta decay (Tritium) m} = )" |U,|*m}
 KATRIN: my < 0.8eVI0%C.L.
* Project 8

* Electron capture (Holmium)
« ECHo, HOLMES

Counts/0.01eV
(=]
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y Neutrino Mass "

« Cosmology: indirect, model-dependent, probing sum
of masses
— degeneracies between probed parameters

- Planck + lensing + BAO: D, m; <0.12eV

* Laboratory nuclear measurement: direct, sensitive to
electron-weighted neutrino mass

» Beta decay (Tritium) m} = )" |U,|*m} ‘
* KATRIN: m; <0.8eV(90%C.L.) PR
* Project 8 F /7 AR
* Electron capture (Holmium)
 ECHo, HOLMES
* Laboratory mass measurement: Input for cosmology!

Counts/0.01eV

3 38 &8 3 3

00 05 10 15 20 25 30
Energy E [keV]
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2
mﬂzz Z|U6i| m?

. v s v, Ve

2n el
3_ 2n 2- 0 IA 5 2
Am§2|

m
2n 21 1
1 I
] Y Am3,
Am%lI 2 2n
1 T . o

Astron. Space Sci. 5, 36
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- . -y, Ve
2n 3N
_ 2n 2- T
3 0 — e o IAm§1 | —
2 1 0
Ams; mi~mz~msz>0
] | Am3,
Am%ll

il R o

Degenerate

m;eg > 200 meV

KATRIN:
running

Astron. Space Sci. 5, 36
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e . . v, Ve
2n 3 [
e —— T
- 1 I
m32 mi~mz2~mz>0
ol e Am3,
Am%ll
I . o
mi>07?
v
Normal Degenerate
mgo > 8 meV m/?eg > 200 meV
TOUGH!! KATRIN:
running

Astron. Space Sci. 5, 36
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s

I v, . v, Ve
2n
— T,
1 I
2 0
A””32| mi ~mz~ms>0
ol Ams,
Am%ll
| (<Dl o
mi>07? ms >0 ?
v
Normal Inverse Degenerate
mgo > 8 meV m/IJO > 40 meV m/?eg > 200 meV
TOUGH!! Project 8: KATRIN:
proposed running

Astron. Space Sci. 5, 36
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Mass of v, (meV)
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[ Normal Ordering
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Mass of v, (meV)
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Beta Decay Spectrum

1.0
— mg=0eV
— mg=1leV
0.8
[0
c
> 0.6
2
S
g
S
€ 0.4 1
3
(o}
O
0.2 1
00 I I I I 1 1 1
-3.0 -2.5 -2.0 -15 -1.0 -0.5 0.0 0.5 1.0

E - Eo [eV]



1“3‘ o -
& Beta Decay Spectrum 1"l
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y Measuring Neutrino Mass (Now) 1"l

« Energy resolution:

AE B,
E B,
| defined by size of spectrometer
H ! t . Sensitivity to mpg scales as N4
BsBimox Bomin Bmex Bo
source setector ¢ Irreducible systematics limit
p. (without E field) ~0.1 eV

KATRIN sensitivity: 0.2 eV
Current results:
my < 0.8eV(90%C.L.)

Phys.Rev.Lett. 123 (2019) 22, 221802
https://www.katrin.kit.edu/



T, source electrodes detector

p. (without E field)

Energy resolution:
AE B,
E - Bmax

defined by size of spectrometer
Sensitivity to mpg scales as N4

Irreducible systematics limit
~0.1eV

KATRIN sensitivity: 0.2 eV
Current results:
my < 0.8eV(90%C.L.)

What if the mass is smaller
than 0.2 eV?

Phys.Rev.Lett. 123 (2019) 22, 221802
https://www.katrin.kit.edu/



CRES Il

« Cyclotron Radiation Emission Spectroscopy
« Electron in B-field: cyclotron motion & radiation:

* Energy resolution:

2nf eB eB
T = =
m,+ K,/c?  ym,
AE  Af “Never measure
m, f anything but

frequency!” — A. L.
gi% % %«U\ "l Schawlow

e

%)

e N S S S S SN

C OO
NANAVAVAVAVAVAVAY

e o

5 5 15 5

Phys.Rev.D 80 (2009) 051301



CRES

g 5 (Trap)
. b

13
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@Iectron motio@ Magnetron (uum)j

3D motion/_\
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>
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\_ _J

13



CRES i

@Iectron motiorD Magnetron (wm)ﬂ

3D motion/_\

5 (Trap)
>

Sideband
structure

Cyclotron (w.)

s (Signal )

05 1 1 1

0.4

0.3

Voltage, V

Wb 4f, -
. Y 11| T F—
Reconstruction o =

Frequency, GHz

& Analysis 13




Phase |

Cryocooler

Cryogenic
Amplifiers

Superconducting
Solenoid Magnet

Signal

Woaveguide

Gas Cell

o 83mKr: electron conversion lines at 18 keV, 30 keV and a 32 keV

« Demonstrated energy measurement of single trapped
electrons via CRES, resolution: 3.3 eV

Phys. Rev. Lett. 114 (2015) 162501



& Phase | Mlir

Frequency (GHz)

25.6 25.4 25.2 25.0 24.8
C 030 _l T T | | T T T | T T T |
ryocooler N
- 600
Cry ni Igna o B [
A [ < - 500
Amplifier — - > i
© 0.20— o I
el < 400f
© I~ — [
I: 2 ol
Woaveguide 8 0.15— » 300F
7] - S [
= B Q 200f
() - [
Q 0.10[- © i
2 B 100
S ductin 5 - '
uperconducting S -
Solenoid Magnet ! 8 0.05— o ; T
L 30.1 302 303 304 305
O C | I I 11 | I 11 | I 11 1 | I I ‘ I IJJ 11 "ﬂ I 11 | | 1

Gas Cell ET R R B S T e T 32 a4
Reconstructed energy (keV)

o 83mKr: electron conversion lines at 18 keV, 30 keV and a 32 keV

« Demonstrated energy measurement of single trapped
electrons via CRES, resolution: 3.3 eV

Phys. Rev. Lett. 114 (2015) 162501
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Frequency - 24 GHz (MHz)

- 1ify
A Typical CRES Event
25
792
790 20
- g
786 15"%
3
784 2
10_3
4]
782 g
w
780 5

778

Time (ms)

2nf eB eB
Tt = =
m,+ K,/c?  ym,

Phys. Rev. Lett. 114 (2015) 162501



A Typical CRES Event

Frequency - 24 GHz (MHz)

790

788

786

784

782

780

778

Cyclotron radiation
— energy loss _ _

2rf =

eB

Signal-to-noise ratio (linear)

eB

m,+ K,/c?

yme

Phys. Rev. Lett. 114 (2015) 162501



A Typical CRES Event IMir

Frequency - 24 GHz (MHz)

790

788

786

784

782

780

778

Cyclotron radiation

— energy loss

g

2}

25

N
o

—
(&

_—y
o

Signal-to-noise ratio (linear)

Scatters down in energy
— up in frequency

2nf eB eB
wl = =
m,+ K,/c?  ym,

Phys. Rev. Lett. 114 (2015) 162501
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o A Typical CRES Event I"lir

792

790
£ <
g 788 é’
L o
% 786 §
3 2
' O
& Cyclotron radiation ? s 2
3 e
s — energy loss .. : X
g’ 78z s - Scatters down in energy UE.;

P — up in frequency

780

778

Start frequency: determines eB eB

electron energy before losses 2nf = m, + K,/ c2 - ym,

Phys. Rev. Lett. 114 (2015) 162501
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Cryocooler

Cryogenic Signal
Amplifiers

15cm

Superconducting
Solenoid Magnet

Gas Cell

 Effective volume: 1mm3
* Demonstrated CRES on continuous spectrum

* First neutrino mass extraction

E. Novitski @ Neutrino 2022
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y 83mKr Measurements "

e “Shallow” trap: —— Shallow trap data

o magnetic field 2000{ ——- Shallow trap fit result

. : : —— Deep trap data
Ca|lbl’atIOﬂ via Kr K' ---- Deep trap fit result
line 1500

« 1.7 £ 0.2 eV (FWHM)
energy resolution
(2.8 + 0.1 eV natural

Counts [a.u
[
o
o
o

linewidth)
1] ) 500
* “Deep trap”
* Increased statistics \
°T75 176 177 178 179 180

o Used for tritium run

Reconstructed kinetic energy (keV)

E. Novitski @ Neutrino 2022
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o Detector Response 1"l

{ Broadening —— Deep trép c:BIrinbrat.ion data
. 20001 — Under?ymg Kr lineshape model
from magnetic — et
fleld _'1500 T ::llj:)l{gozdoetlh order scattering)
Inhomogeneity, 2
scattering, and 100
. O
missed tracks
500
* Well understood H\
\
OG5 176 177 178 - 170 18.0

Reconstructed kinetic energy (keV)

E. Novitski @ Neutrino 2022
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Residuals

3.0
1.5
0.0
-1.5
-3.0

i

18600 18650

(18550*%2) eV (lo)
(18553117) eV (10)

Frequentist: E

Bayesian: K,

Neutrino mass
Frequentist: < 178eV/c*(90%C.L.)
Bayesian: < 169eV/c2(90%C.L.)

Background rate

<3x1070ev-ls71(90% C.L.)

- —— Fitted model Boet fit R
—— Predicted endpoint, Bodine et al. * .es itresu
} } lo interval = 18550*%3 eV 40000F + Literature
‘ { Data
o 20000 F
>
(]
A P~ of
Q.
£
. " —-20000
[ i —40000
: | A
16500 17000 17500 18000 18500 19000 19500 18450 18500 18550
Energy [eV] Endpoint [eV]
T, endpoint

E. Novitski @ Neutrino 2022
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2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

- Single-electron detection; First CRES demonstration: PRL 114: 162501, 2015
Phase | 1 ~eV Resolution J. Phys. G. 44, 2017
spectroscopy Machine learning: New J. Phys. 22 (2020)

- 8mKr conversion-electron

Data- -> Systematic & background
Construction ) IMEIVS TR o studies
takmg - T, spectrum and endpoint

First tritium spectroscopy using CRES

First neutrino mass limit using CRES
Demonstration of high resolution

Demonstration of a zero background experiment
Demonstration of control of systematic effects
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2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

- Single-electron detection; First CRES demonstration: PRL 114: 162501, 2015
Phase | 1 ~eV Resolution J. Phys. G. 44, 2017
spectroscopy Machine learning: New J. Phys. 22 (2020)

- 8mKr conversion-electron

Data- -> Systematic & background
Construction ) IMEIVS TR o studies
takmg - T, spectrum and endpoint

First tritium spectroscopy using CRES v

First neutrino mass limit using CRES v
Demonstration of high resolution
Demonstration of a zero background experiment
Demonstration of control of systematic effects
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» Go atomic! > — @

demonstrate atomic tritium trapping — crack,
cool, trap, contain, recycle

* (Go bigger! S
demonstrate CRES on large source volume (free
space or cavity)

* Merge both into atomic CRES experiment, obtain
first neutrino mass limit using atomic tritium



Frequency, GHz

| | | | |
4 / i
(ms1 mi) / d
c Low-field seeking states
. (+1/2y U=+ uB L
o (+1/2,-1/2)
04
H)\(-vz,-vz)
27 (—1/2% b High-field seeking states |
\ U=-uB
a
-4 | \
T T T T T
0.0 0.1 0.2 0.3 0.4

Magnetic Field, T

« |offe trap: mature design, superconducting coils
« Alternative: Halbach array: permanent magnets

UBWIPUIT Y 1IpaID



Frequency, GHz

44
(ms1 mi) d
c Low-field seeking states
. (+1/2,+1/2) U=+pB
o (+1/2,-1/2)
0 Dipolar spin flip
F=0 (-1/2,-1/2)
27 (-1/2,41/2) b High-field seeking states |
U=-uB
a
-4 -
T T T T T
0.0 0.1 0.2 0.3 0.4

Magnetic Field, T

« |offe trap: mature design, superconducting coils
« Alternative: Halbach array: permanent magnets

UBWIPUIT Y 1IpaID
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m/z = 1 Signal at 16.5 [eV] and 0.002 [sccm] of Hydrogen

35 _;_ ® Mean m/z =1 readings ® 1600 ¢ PI’OVG atom
] 1 1-ostat. uncertainty ® . .
30+ rall cracking using
25 : N mass spectrometer
L. ®
3 201 :f = [ 1000 £
— ] E ;
n 15 = s 800 £
E Z° M 600
10 - R
] <~ 400
5 1
: ° ° fﬁ 200
0 500 1000 1500 2000 2500
Capillary Temperature [K]
o Atom flux
analysis in
progress

A. Lindman @ NuMass 2022
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Hydrogen Atom Production

m/z = 1 Signal at 16.5 [eV] and 0.002 [sccm] of Hydrogen

 Prove atom

3 1 ® Mean m/z = 1 readings & 1600
] 1 1-ostat. uncertainty [ " 5
30- rall cracking using
55 ] ® | Mmass spectrometer
.}3 4 ‘ S 1200
c ] & —_
8 20 € = B o00 £
T 3 m/z = 1 Signal at 16 [eV] and 20 [sccm] of Hydrogen
~ 157 1000 . .
& ® m/z =1readings
10 4 _ |
] 800 |
: | |
] ® ) 15, _
0 ——— T T —— S 600 '
0 500 1000 1500 S :
Capillary Temperature [K] T ]
N 400
E .
* Atom flux _
| 1 " 200
analysis in _ -
progress e o i i
0 500 1000 1500 2000 2500

Capillary Temperature [K]
A. Lindman @ NuMass 2022
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" Cavity As CRES Volume T

80 | | | |

Cavities - Antennas

)

22 3 -1

Dipolar decay rate G', (10

0.001 0.01 0.1 1 10
Magnetic field (T)

* Dipolar decay rate can be
greatly reduced by
lowering magnetic field for
longer trapping life times

Data from Phys. Rev. B, 33:626—628,1986
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80 | | | |

Cavities - Antennas

)

22 3 -1

Dipolar decay rate G', (10

0.001 0.01 0.1 1 10
Magnetic field (T)

» Dipolar decay rate can be * Ring of patch antennas
greatly reduced by views central volume
lowering magnetic field for * Beamforming for position
longer trapping life times reconstruction

Data from Phys. Rev. B, 33:626—628,1986
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Cavity As CRES Volume

)

22 3 -1
m"s
D
o
|

Dipolar decay rate G', (10

80 | | | |

Cavities - Antennas

N
o
|

20 —

0.1 I 1
Magnetic field (T)

* Dipolar decay rate can be
greatly reduced by
lowering magnetic field for
longer trapping life times

Data from Phys. Rev. B, 33:626—628,1986

Pinches & solenoid

Halbach H

<— Cavity wall

Electron

N .
Cavity

termination
Stored atoms

 Cavity volume scales as 1/f3

* Lower frequency makes
resonant cavity desirable

* Mode-filtered, open-ended
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& MRI Calibration

« Need to know the magnetic field
and electron trajectories precisely

* Insert electron gun into MR
« Map field in center

[OXMIN " -HP3ID

25



MRI Calibration

 Need to know the magnetic field —

and electron trajectories precisely
* Insert electron gun into MR
* Map field in center

[OXMIN " -HP3ID

Electron
Gun

<l

B LI B ,[j]

Radiation

T transparent window

Faraday
Cup

Wave guide

25
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& MRI Calibration i

Need to know the magnetic field
and electron trajectories precisely

Insert electron gun into MRI
Map field in center

[OXMIN " -HP3ID

MRI magnet bore

vacuum can at room temperature cryocooler r |

1 ppm magnetic field
homogeneity region nested radiation-shielding cans, innermost at ~20-60 K
(50x50x45 cm)

cold finger
DC lines
for biasing ___|
& heating —]
cathode

waveguide
trap g

— 1 }I )i RF signal out
CO|IS Faraday W\ RF-block, amps

...... gas-pass aperture

electron
gun

Lines for stage
actuation and 7

Short DC lines
position sensing support
post
= 1-T B-field positioning &
‘ alignment _
gravity stages N
- | pump line
] | [ I 1 I
: - ! . l - | rail system for

MRI magnet bore mechanical support 2 5
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% MRI Calibration HIT

1 Maghet
» Need to know the magnetic field gr—
and electron trajectories precisely

* Insert electron gun into MR
« Map field in center

[OXMIN " -HP3ID

Electron
beam

cryocooler

e 1 I detector-side
, erma eld : electrical and gas

L))

B pbsitibhihg

feedthroughs
egun arms
electrical
connections Michael Huehn
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Electron Source 1M

WORK IN PROGRESS

1jouys0y 'Y 1pald

Cathode

Faraday Cup

Anode

* Pierce design

* Excellent energy
spread (simulated)

* Test stand at UW

J. Pefia
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Electron Source 1M

WORK IN PROGRESS

1Jauys0y 'Y Upaid

* Pierce design

* Excellent energy
spread (simulated)

* Test stand at UW

J. Pefa



CRES in Cavity

¥ Cavity walls
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Cavity termination
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Cavity termination
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CRES in Cauvity

Halbach / loffe:

/ atom trap

' Cavity walls
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Solenoid: CRES field
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CRES in Cavity 'l

Solenoid: CRES field

Halbach / loffe:

/ atom trap

T T Cavity walls

|

~

Cavity termination

Field from pinch coils
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g Cylindrical Cavities 1"l

* Transverse electric (TE) & transverse

magnetic (TM) modes, TE,,, , and AN

I'M,,,, where m,n,p = # of antinodes in

F, H in ¢, p, z directions
* Wave propagates in z direction, reflected at

fe—— O —>]

ends of cavity AmTTTTTN
* Largest wavelength supported: v x
Al2 = L (length) zZA
f oc\/<X’/“”>2+ (p—”>2 X' : n-th zero of
o JTEnmp R I » “Anm I
m-th derivative of Bessel function
« Can manipulate mode structure by e.g. p=2
pickup antennas, other features C p=1
| | >

D. M. Pozar: Microwave Engineering
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&= Multi-mode Challenges

Cavities have infinite modes

Project 8 Spectrogram

2000

Complex signal & complex readout
Intruder modes

» Electrons’ frequency chirps up more
before turn-around points in trap

1000

Frequency Bin

500

032

* May lose energy to invisible modes
Solution: Mode-filtered cavities! S M mesa

But: position reconstruction is a
challenge!

* Magnetic field uniformity constraints

Modulation index: &= ?—f =p

Sideband structure compact for TE,,

2000
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Multi-mode Challenges

Cavities have infinite modes
Complex signal & complex readout
Intruder modes

» Electrons’ frequency chirps up more
before turn-around points in trap

* May lose energy to invisible modes
Solution: Mode-filtered cavities!

But: position reconstruction is a
challenge!

* Magnetic field uniformity constraints

Modulation index: &= ?—f =p

Sideband structure compact for TE,,

2000

1500
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500

0

Project 8 Spectrogram
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Mode-filtered Cavities Ihr

« Open-ended cavity to allow e
STt : A '."““““'"
for atom flow { IALEA R O
« Also shifts & suppresses TM |NUR RV Y/ S—
modes relative to TE modes
. Allowing only 2oL 200 ~
circumferential currents Figure 6. - Model of open-ended cavity.
SUppreSSGS a” bUt TEO N. C. Wenger, NASA Technical Note (1966)
np
modes

« Either by helical grooves or
Insulating rings
« Long cavity: electrons can
only excite first (few) TEy;, —

—

/ \
INTERNAL THICK LOSSY
RADIUS a DIELECTRIC JACKET

E. Venzura et al., NIST Technical Note (1993)
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" Simulation Development 1"l

* Locust: simple cylindrical cavity

* Mode-filtering imposed by Q setting

» Simulate electron coupling to mode

* |dealized readout in center & off-center

31



Simulation Development

Energy (arb. units)

Energy depositions for TE modes, f = 1 GHz, r=0.1832m, L=1.668m
10V 1} 1 F 1} 1} 1 F

10—21

1072

10°%

WORK IN PROGRESS
— TEo11 mode
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®
Q
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®
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Locust: simple cylindrical cavity
Mode-filtering imposed by Q setting
Simulate electron coupling to mode
|dealized readout in center & off-center



Simulation Development

Energy (arb. units)

Energy depositions for TE modes, f = 1 GHz, r=0.1832m, L=1.668m
10-Y7 1} 1t 1} 1} 1}

10-19

10-21

10-23

10°%

WORK IN PROGRESS
| / TEo11 mode
O
)
o
) =
wy
@
| | | %
|||I I || . H I |||
0 50 100 150200 250300 350400 450500 550

Modes
TEomi TEymi TEomi TE3m TEami TEsmi

Locust: simple cylindrical cavity
Mode-filtering imposed by Q setting
Simulate electron coupling to mode
|dealized readout in center & off-center

Intensity in arb. u.

Pitch angles 85° & 89°

1077 4 —— 89° Radius 0.0m

1 —— 89° Radius 0.15m

85° Radius 0.0m

10-8 4 85° Radius 0.15m
107° 5
10—10 E

| WORK IN PROGRESS
1011 T

Ja|[RISIEN 'Y IPRID

1.0600 1.0625 1.0650 1.0675 1.0700 1.0725 1.0750 1.0775 1.0800

Frequency in GHz

» Kassiopeia: cylindrical cavity with
idealized magnetic fields
 Electron drives cavity response

* Time series of trapped electrons for pitch

angle range, on- and off-radius



o*‘// Cavity Prototype Development I"hir

» Copper tubes
connected by PVC
rings permit only
circumferential currents

* Allows only TEo1p s, s o o

modes to propagate W
* Verified mode-filtering i

e Readout via rotatable — o
coax loop

Frequency (GHz)

Credit: A. Ziegler



o\‘/“‘\ Cavity Prototype Development I"lir

Holes for fine-adjustment
of end pieces

PEEK (thin sections)

Aluminium
(thick sections)

Readout

/

Length variable by
stacking pieces

TEo11 mode
33
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Cavity CRES Demonstrator

Cavity at 26 GHz:

Small:
L=6cmR<1cm,V~10cm’

Characterize on bench and in
dilution fridge

Then insert into 1 T MRl magnet

 Electron gun to inject
electrons

 Verity readout
« Demonstrate CRES in cavity

« Verify high volume & pitch
angle efficiency

[OXMIN " -HP3ID

Insert: electron gun + Helium gas
cell + cavity

34
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y Cavity-based Phase |l 1"l

* Need < 7 m/s slow atoms  g.ctron QU T el T
* Atoms trapped Iin

. . O
magnetogravitational tra 2
S o J _ P Solencid—" i
* Sensitivity calculations: | Y. — o
0.4 eV limit Cavity B
Pinch coils §
3m S
Halbach
or loffe
Atomic source (not shown)
_ I/‘ZPumps Quadrupole guide
- P: 113:%:_.::1:::':‘:.:::::':‘:.::.::.:':‘: e '=:::"‘;/€i
N
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\\“/ Cavity-based Phase |l 1"l

(0 0X0X0!

m~ M
8 X
o &
= (07,
w

N

e Need < 7 m/s slow atoms

* Atoms trapped in =5
magnetogravitational trap e g g
;Me- :

* Sensitivity calculations:
0.4 eV limit

vfiducial
10+ m?

mK
Tritium
Atoms

UBWIPUIT 'Y 1P8ID

Low Field

\ High Field -

S BN GENNS NS NN NENN NN S —
ultipole Magne

u e Magne
EEEE BN I I B B B
.

e,
S

Hot atoms \\:

evaporate as p

confining field drops

Cracker Accommodator Nozzle

...... : i ~ —
2R 160K 8K %
/%/ecu/ar o \ Magnetic Quadrupole
tritium recirculation and supp!y ok Qudpae
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o*/ Trapping Potentials

Potential energy
for a tritium atom (ueV)

oo™

Sum of magnetic
and gravitational
potential

NS "H-'A 1PaID

\

magnetic potential

gravitational potential

Magnetic and gravitational
potentials trap atoms

Magnetic field (mT)

| | 1 1 |

45

—r(mm) =30

— I (mm) =60

— I (mm) =90

— 1 (mm) =120
41.0 4 —r(mm) =150 -
405 VOO A A AN 5

0999, 99,9994
400 — |
39.5 = -
39.0 T
0 1000 2000 3000 4000 5000 6000

Distance (mm)

Magnetic field with pinch
coils traps electrons

UOSHBCoY 'Y ' 'H IPaID
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g Cavity Experiments’ Sensitivities I'liE

5 1 1 1 1 1 1 1 1 1 1 1 1 1 1

10° i
Phase |l
oo 107 16 16 -3 e 100
° T,, 7.5x10  + H,, 13.4x10 m g
£ S
c 10° - _ 10 =
< F O
S F D
) 101 7 Phase Ill: [ 3
2 26 GHz Cavity 17 -3 L &
S _
8 _IOO _ T2, 2X1 O m L 1 (;
o / s E 3
s S
o 10 _ 17 -3 : L
I~ Atomic T, 4x10 m | - <
+ 2 _| Phase IIl Atomic:
wv 10 — 0.1
Phase IV Goal 1 GHz Cavity E
10° A i
| | | | | | | | | | | | l—
107° 10° 10° 107 10° 10° 10°

Volume x Efficiency x Time, m3—y

E. Novitski @ Neutrino 2022
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Sterile Neutrino Sensitivity

« Simultaneous active
and sterile mass
measurements
possible

 c\V-scale sterile
search planned

* Higher mass sterile
sensitivity under
iInvestigation

Ami, (eVv?)

o
o

Differential decay rate (a.u.)
o
S

o
o0
T T

L
~

1 1 I 1 1 1 1 I 1 1 1 1
18565 18570

18560 18575
Energy (eV)
102 y==— — .
~~~~~~~~~ Anomalies (95 % C.L.)
TESeLITS<Al e Reactor
10? - ~“;~\\::N - BEST
— < 4

1072 4 —— Phase-lll - T,
—— Phase-lll - T

1 T
P8 Sensitivity (95 % C.L.) \

- Phase-IV

1071 100
sin22614

E. Novitski @ Neutrino 2022
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= Take Away i

* Neutrino mass is one of the outstanding problems of particle physics
& cosmology

* The Project 8 approach:
* High precision frequency measurement
¢ Source = detector
* Differential spectrum measurement for high statistics
* Low background
* Next challenges:
* Atomic tritium handling
* Large source volumes
* “Next”: cavity CRES demonstration with electron source
* “Next-to-next”: First atomic tritium neutrino mass extraction
* Final experiment: 40 meV neutrino mass sensitivity
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% Free-space CRES demonstrator I"lir

30 channels
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e Position reconstruction
— multiple events in one
trigger window
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« Every antenna sees part of
signal
— sum coherently
(beamforming)

. Challenges: Doppler shift, VB
-motion
— antennas see slightly
different frequency
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