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Neutrino mass ﬂ(“.

Karlsruhe Institute of Technology

® Neutrino mass # 0: proof from observation
of neutrino oscillations Upper bound from

: I : direct measurements
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Complementary ways of determining the neutrino mass
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Complementary ways of determining the neutrino mass
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Complementary ways of determining the neutrino mass

Kinematic
investigations

m, = \/zimizlueilz

flight-time
measurements
(vs from supernovae)

kinematics of weak
decays
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Complementary ways of determining the neutrino mass

Kinematic
investigations

. my = \/zimi2|Uei|2

» flight-time
measurements
(vs from supernovae)

« kinematics of weak
decays

model-independent
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Neutrino mass determination from beta decay XIT

Karlsruhe Institute of Technology

® Possible beta-decay source: tritium

1.00 1
® Simple structure of atomic/nuclear shell ; 075 4
® Low endpoint (18.6 keV) £ o504
m Super-allowed transition / # 55
® High-decay rate (T,,, = 12.3 years) s o00]_ | | =\
. . 0 5000 10000 15008
® Neutrino mass influences decay spectrum,  3He Electron energy in eV \’k
especially at the endpoint (E ~ E;)
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Neutrino mass determination from electron capture (EC)

AT

Karlsruhe Institute of Technology

163 163 *
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® Possible EC source: Holmium-163 o7 o) T Ve ’
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Beta decay and electron capture — common challenges

For resolving signature of the neutrino mass:
® Low endpoint and high decay rate

® High source activity needed
® High resolution in endpoint region Detector design

dN
(E) ~(Ey— E) j (Eo — E)?

3e-08 1

2e-08 1

1e-08 4

Rate in arb. u.

0e+00 -
18573 18574 18575
Electron energyin eV

_ Beta decay Electron capture

SH@ /ge S\ a3 Isotope SH=T 16340
(@)
VAl ® . Endpoint  18.6 keV 2.8 keV
. & = b @ ) Half-life 12.3 years 4570 years

Production n-capturein D,0 n-irradiation of 162Er
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Beta decay and electron capture — common challenges

For resolving signature of the neutrino mass:
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Established measurement principles ﬂ(".

MAC-E filter

® Magnetic Adiabatic Collimation
with an Electrostatic Filter

® Measuring energy by
applying a high-pass filter
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Established measurement principles

MAC-E filter Calorimeters

® Magnetic Adiabatic Collimation ® Low-temperature
with an Electrostatic Filter micro calorimeters

® Measuring energy by ® Measuring energy by
applying a high-pass filter temperature change

o ) HOLMES
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Established measurement principles ﬁ(".

MAC-E filter Calorimeters CRES

® Magnetic Adiabatic Collimation ® Low-temperature ® Cyclotron Radiation
with an Electrostatic Filter micro calorimeters Emission Spectroscopy

® Measuring energy by . ® Measuring energy by ® Measuring energy via
applying a high-pass filter temperature change frequency

o ) HOLMES
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Karlsruhe Tritium Neutrino Experiment (KATRIN)*

® Goal: Determining the neutrino mass with a sensitivity of 0.2 eV/c2 (90% CL)
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Adapted from KATRIN Collaboration, Nat. Phys. 18, 160-166 (2022),
artwork by L. Kollenberger
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Karlsruhe Tritium Neutrino Experiment (KATRIN)*
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Karlsruhe Tritium Neutrino Experiment (KATRIN)*

® Goal: Determining the neutrino mass with a sensitivity of 0.2 eV/c2 (90% CL)
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Karlsruhe Tritium Neutrino Experiment (KATRIN)*

® Goal: Determining the neutrino mass with a sensitivity of 0.2 eV/c2 (90% CL)
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Recent results from KATRIN

Phys. Rev. Lett. 123, 221802 (2019)

® First campaign Phys. Rev. D. 104 (1), 012005 (2027)

(“KNM1”, spring 2019)
® total stat.:
| best fit:

® |imit;

PHYSICAL |
REVEW
LETTERS

2 million events *|
m?(v,) = —1.01%%eV? |
m(v,) < 1.1eV (90% C.L.) |.

® Second campaign
(“KNM2”, autumn 2019)

Blinded by the light neutring |

® total stat.: 4.3 million events 2|
m bestfitt  m?(v,) = 0.261g32eV> ) 1
® limit: m(v,) < 0.9 eV (90% C.L.) =71

® Combined result:
m(v,) < 0.8 eV (90% C.L.)

Nat. Phys. 18, 160-166 (2022)

[ KNM: KATRIN Neutrino Mass measurement ]
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Karlsruhe Institute of Technology

Recent results from KATRIN

" _ Spectrum for KNM1 data
® First campaign Phys. Rev. Lett. 123, 221802 (2019) § 10! - with 1 o errorbars (x50)
("KNM1", spring 2019) =" IHUE D Spectrum for KNM2 data
N Ramy | = 100 with 1 o errorbars (x50)
® total stat.: 2 million events === 5 :
. i/ e ". o i i
m bestfit: m2(v,) = —1.01%7ev? N 0¥ e T
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— c 1 I .
® Second campaign 0 00ftn et .
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B it 2 _ +0.34 72 | R | To
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. ! | Q i
® Combined result: — £ N H
m(Ve) < 08 ev (90% C.L.) Nat. Phys. 18, 160-166 (2022) - I - %0

[ KNM: KATRIN Neutrino Mass measurement ] Retarding energy-18574 in eV
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Recent results from KATRIN
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Recent results from KATRIN
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KATRIN data taking
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KATRIN data taking
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Analysis of first five
runs is being finalized:

® Statistical sensitivity
~0.5eV (90%C.L.)
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KATRIN data taking
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Improvements from 2nd to 5th campaign
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Recent improvements on systematics

s W High-statistics 83™Kr calibration
. A. Marsteller et al. JINST 17 P120170 (2022)
systematics
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Analyzing plane fields Removal of the penning trap
G Hensity M. Aker et al. ur. Phys. J. C 80: 821 (2020)
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Recent improvements on systematics
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Established measurement principles ﬁ(".

MAC-E filter

® Magnetic Adiabatic Collimation
with an Electrostatic Filter

® Measuring energy by
applying a high-pass filter
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Established measurement principles ﬁ(".

Calorimeters

® Low-temperature
micro calorimeters

® Measuring energy by
temperature change

o ) HOLMES
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Karlsruhe Institute of Technology

Electron capture in holmium-163 \g AT

€0 e ~ eo'
® Measure internal excitation energy of ““Ho “o @ g
daughter atom (dysprosium-163) g ¥
163Dy*

neutrino energy (eV)

]

2838 2500 2000 1500 1000 500 0
].U_ T T T T T T T T T T
'-g 4s experiment ——
~~ 3s local orbitals e
% — local + Auger e
QD
e}
(4] ~ 103
<
<)
o>
=
D
o (T
—_ =
RSN
EES]
= 2
L= ~
o =2 \
a o
=S Niill
FU ~ 1[}—7 k "“L

excitation energy (eV)
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AT

Karlsruhe Institute of Technology

Electron capture in holmium-163

® Measure internal excitation energy of
daughter atom (dysprosium-163)

m Source implanted into detector il CLiy

neutrino energy (eV)

Thermal bath

X
\

Nl
N 4

g wi—2 = = 7 ' | Cryogenic microcalorimeter |

6= 4s experiment

~ 3s local orbitals e

= o local + Auger ——| Decay/EC Thermometer

% 2 1073 \

= Absorber
o>

S T

3 = Weak

TS w0 thermal link Source
=

= B

L =

o S

& S

= -

H
i
5,

]

excitation energy (eV)
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= ST

Electron capture in holmium-163 o3
€Q . e ~— eo—

Measurement of temperature change via: iy & @ _

® Metallic Magnetic Calorimeters (MMC) 2eHo b

® Transition Edge Sensors (TES) H@)\LMES
[ Cryogenic microcalorimeter }

A
Decay/EC Thermometer

\ Absorber

Weak
thermal link

Source

Temperature

Thermal bath
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ECHo detectors | =D ) IT

Karlsruhe Institute of Technology
Absorber

Ag host material

® large arrays of low temperature metallic
magnetic calorimeters with enclosed '°3Ho

First absorber:
180 um x 180 pym

Second absorber:

Content provided by L. Gastaldo (ECHo Collaboration) 165 UM x 165 pm

|

Implantation square:
150 pm x 150 ym

not implanted implanted
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Counts/5 eV

16 October 13, 2023

ECHo detectors

® large arrays of low temperature metallic
magnetic calorimeters with enclosed '3Ho

oD ) NCIT

Karlsruhe Institute of Technology
Absorber

Ag host material

First absorber:
180 um x 180 pym

Second absorber:
165 um x 165 pm

10 i } I
N : .
— Lorentzian broadening
10* | O M, — Mahan broadening
— Experiment
M,
i AN
Bl g ‘ M
u‘m ﬂ‘ "l } F H\
0] By Ny ”
| | | | H"l. |
0.0 0.5 1.0 1.5 2.0

Energy/keV

Caroline Rodenbeck — Direct neutrino mass measurements

|

Implantation square:
150 pm x 150 ym

|

Successful proof of concept measurements:

® 4 days, with 4 pixels

® each pixel loaded with ~ 0.2 Bg '%3Ho
® AEpumw=9.2eV

® Q.. =(2838+14)eV

® m(v,)<150eV (95% C.L.)

% Tritium Laboratory Karlsruhe (TLK)



ECHo-1k — high-statistics spectrum

® Analysis of about 102 events ongoing

® Quantification of systematic uncertainties for

precise endpoint region analysis with
experiments and simulations

® Detector response and theoretical model

® Achievable neutrino mass sensitivity with
ECHo-1k data ~ 20 eV/c?

éCHoJ k chip-Au

23 pixel with implanted 163Hm
3 background pixels

average activity = 0.94 Bq

total activity of 28.1 Bq

34 pixel with implanted '%3Ho

6 background pixels

ECHo-1k chip-Ag

N

average activity = 0.71 Bq
total activity of 25.9 Bq

October 13, 2023
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1e8
I 1 | |

[ == Ho in Ag set-up
=== Ho in Au set-up
== {otal statistics

cumulative statistics
N
|

PP PP PP
@@ @

[ ECHo-1k area chip ]

e
N

&

RANAREEREEAGEERS

oD ) NCIT

Karlsruhe Institute of Technology

/ Absorber
/Ag host material
<
163Ho

"/Stems

Sensor

Pick-up coil
Heater

7

\LILIJJJP
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ECHo-100k — for eV-scale sensitivity oD ﬂ(".

1200 detectors
10 Bq acitivity per pixel (2 x 10'2 163Ho atoms)
High-purity ®3Ho source: available about 30 MBq

LPresent statusj

lon implantation system:

® Demostrated and continuously optimized
® Metallic magnetic calorimeters (MMC)
® Reliable fabrication of large MMC array

® Successful characterization of arrays with 1®3Ho

® Multiplexing and data acquisition:

® Demostrated for 8 channels Content provided by L. Gastaldo (ECHo Collaboration)

® Development of the SDR electronics

® Still to show scaling of the system

: |
® Data reduction DFG Deutsche | Al 3 |
Forschungsgemeinschaft T T \_/
|

[

AL I

ol

GHz

® Optimized energy-independent algorithm

to identify spuridus trace The ECHo Collaboration EPJ-ST 226 8 1623 (2017) Gy
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HOLMES - Detectors H@\LMES ﬂ(".

® Transition edge sensors: 6
® superconductor film operated in the %5
narrow temperature region between §4
resistive and the superconducting g3
state 22
~
® Very sensitive thermometer, able to !
deteCt a temperature Variation on 0 91 03 95 97 09
the order of a fraction of mK Temperature [mK]
illITIIIIIIIIIIIIIIIIIIIIIlIllIllIllllIllIIIIIlIllIllIlIIlI L[ 1]
__________ 6|66 6|0 660|008
HEAGAAABAABABAS
gREeNRAEAERERAER
EIEIEICIEIEICICRE =T =
IllIJIIIIIIIIIIIIIIIIIIIIIIIlIllIllIllllIllIIIIIIIIIIIIIIIIIIIJIIIII
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First HOLMES 1%3Ho spectrum

® First detector array finalized
in mid-June 2023

| First spectrum shows:
® Acquisition time: 48.5 hours
® sum over 4 pixels
® <A>=~0.5Bq(0.1-1Bq)
® AEpwpm= 6—8 eV @6bkeV

® Expected background due to
cosmic rays in ROI lower
than 0.01 counts/5eV

® High background due to
measurements with
>5Fe calibration source and
Al fluorescence

October 13, 2023

104_

—
o
W

Counts / 5 eV

101.

100
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HOLMES NICIT

Karlsruhe Institute of Technology

p—
o
()

1 Z{E};

Background due to
calibration source

1500 2000

Energy [eV]

500 1000

2500 3000
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First HOLMES "%3Ho spectrum Howmes AICIT

First detector array finalized

in mid-June 2023 1 ${E},
First SpeCtrum shows: Next stepso Copied from presentation by M. Borghesi,

® Acquisition time: 48.5 [ S, Vs, 29 i At Background due to ]
® sum over 4 pixels Run 3 will be first physics run of HOLMES callbratln source

IR YNNI © No external calibration source
® AEpwpm= 6-8 eV @6k - Ho lines used for calibration

DOLEGE Rl o] o8 [alel © Implantation of a new array with uniform and

cosmic rays in ROl lo maximum achievable activity (last quarter of 2023)
(UERNINORVIRISTERINE S | ong measurement and

High background due first limit on neutrino mass around 10 eV

measurements with
S5Fe calibration source and
Al fluorescence

0 500 1000 1500 2000 2500 3000

Content provided by A. Nucciotti (HOLMES Collaboration) Energy [eV]
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Established measurement principles ﬁ(".

Calorimeters

® Low-temperature
micro calorimeters

® Measuring energy by
temperature change

o ) HOLMES
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Established measurement principles ﬁ(".

CRES

® Cyclotron Radiation
Emission Spectroscopy

® Measuring energy via
frequency
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Cyclotron radiation emission spectroscopy (CRES) ﬁ(".

® Cyclotron radiation is emitted by accelerated
electrons in a magnetic field:
wo qB

w =
)4 Mme + Ekin
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Cyclotron radiation emission spectroscopy (CRES) ﬁ(".

® Cyclotron radiation is emitted by accelerated
electrons in a magnetic field:
wo qB

w =
)4 Mme + Ekin

@ Place tritium in magnetic field
and measure w with antennas
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Cyclotron radiation emission spectroscopy (CRES) ﬁ(".

® Cyclotron radiation is emitted by accelerated
electrons in a magnetic field:

wo qB

w =
)4 Mme + Ekin

@ Place tritium in magnetic field
and measure w with antennas

® Challenges:

® Sub-eV energy resolution:
- B-field homogeneity at the 10/-level

® High statistics - large volume

® Detection of femto — zetta Watt radiation
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Experiments using CRES

Project 8

® Cavity-based CRES
experiment o

anbino ‘| Aq ojoyd

Copied from presentation  sgn
by J. Stachurska TAUP 2023 ®=*“
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Experiments using CRES ﬂ(".

—m——

QTNM / CRESDA . OTNM

S’ =< Neutrino Mass

Project 8

@ Cavity-based CRES ® CRESDA = CRES demonstration apparatus
experlment |

® Confinement of H-Atoms in storage ring

H/D/T atom supersonic beam

discharge source (30 K)

Magnetic o
state selector Injection
region

13

u Beam \‘ \
characterisation il
3 P
3 ¥
\_ :
=
® 180° permanent magnet
«Q .
Copied from presentation Signal ‘ | = _ hexapole guide
by J. Stachurska TAUP 2023 "+ CRES region (66 Halbach arrays)
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AT

Experiments using CRES

€1 8 o
\»\“‘3% QTNM / CRESDA ' /OTNM

Project 8

@ Cavity-based CRES ® CRESDA = CRES demonstration apparatus
experlment i |

Q lmThlgf

Sem”
e Yme= === Neutrino Mass

® Confinement of H-Atoms in storage ring

H/D/T atom supersonic beam
discharge source (30 K)

Magnetic

state selector Injection
region

He-6—CRES

- | @ Measuring CRES
¢| from MeV-scale
=| electrons
® W. Byron et al _ 180° permanent magnet
; ‘ _ = ' ‘ hexapole guide
Copied from presentation s ® Phys. Rev. Let. 131, 082502 (2023) CRES region (66 Halbach arrays)

by J. Stachurska TAUP 2023 ®=*“
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Project 8 — Results

® Phase l: First use of CRES for

s ST

)\

Event O from Phase |

Karlsruhe Institute of Technology

T T =z T 1.0
electron spectroscopy (83mKr) | -

- 0.9
z ©
24.79F = . 0.8 &
— - 0.7 o
T 547871 _Energy loss = oe ‘é
> =— | b
o - . 0.5 ¢
: - =~ N,.:
S 24.784F ° geattering . = : 40.4 T

L :
=k - = {1032
22 = =% 5
24.781} = A N 0.2 5
O
s n

Initial frequency 10.1
24,778 e 1 =2 -
0.079 0.08 0.082 0.084 0.085
Time [s]
D. M. Asner, et al., Phys. Rev. Lett. 114, 162501 (2015)
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Project 8 — Results

® Phase I: First use of CRES for
electron spectroscopy (83™Kr)

Phase ll: First use of CRES for tritium
beta-decay electron spectroscopy
- Neutrino mass limit (mg < 155 eV)

Cryocooler

Signal

Gas Supply —\

Waveguide

Superconducting
Solenoid Magnet

anbino ‘W Aq ojoyd

Gas Cell and
Trapping Coils

October 13, 2023

‘,\m‘//‘a ST

Karlsruhe Institute of Technology

25 -

0

Frequentist intervals
, + Literature
20024 Best fit result

1507 -

0 -

mg? (eV?)

—1502+
—200%+

Tritium data J J
Bayesian best fit 182?13 oint (1}?/6)00
1o Bayesian quantiles P

Frequentist best fit I H

Literature Eg
Ey 10 Bayesian credible interval
Ey 1o frequentist confidence interval

Copied from ™
presentation
by N. S. Oblath

TAUP 2023

Caroline Rodenbeck — Direct neutrino mass measurements

16500 17000 17500 18000 18500 19000 19500

Reconstructed kinetic energy (eV)

A. Ashtari Esfahani et al.Phys. Rev. Lett. 131, 102502 (2023)
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Project 8 — Future

Karlsruhe Institute of Technology

s ST

i+ - o Elect
® Phase llII: Tritium trapped in magnetogravitational trap — ~

® Sensitivity aim: mg < 200 meV (with molecular tritium source) .
mg < 100 meV (with atomic tritium source) Solenoid

- Blueprint for full 40 meV experiment Cavity ‘ 3
® Next steps: Pinch coils i';
® Set of demonstrators: Multipole fim ;;
® High resolution (CCA) magnet %
® Large volume (LUCKEY) ‘ :
® High resolution and large volume (LFA) =
® Develop atomic tritium source Atom guide 1
(]

Content Copled from presentatlon AtomiC Source (not Shown) > -§:::::::::::::::::::::::::::::::::::::::::::::::::r::::::;1:_
by J. Stachurska TAUP 2023 -
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CRES demonstration apparatus (CRESDA) OTNM ST

nnnnnn Mass Karlsruhe Institute of Technology

® Goal: Neutrino mass measurement from
tritium beta decay via CRES using H/DIT atom supersonic bearm
latest advances in quantum technologies ischarge source (30 K)

® Technology Demonstration: agnetic Injection
= - Tegion

® Production and confinement of H-atoms, = 102 cm?3 ——d - =

\ [ [ ] ]
m B-field mapping with S1 uT precision, using H-atoms u \ Ring \
as quantum sensors (Rydberg Magnetometry) chara%f;?;auon characterisation ‘;‘;
® CRES detection of single electrons with quantum [ ] b
limited micro-wave electronics (CRESDAO) 180° permanent magnet e E
® Phased approach (66 Habact armays) ]
CRES region
\CRESDAO} QKCRESDA-Tritium - 100 meV = 50 meV = 0(10 meV)}
Y |
[current} [ Culham Centre for Fusion Energy }
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Established measurement principles ﬂ(".

MAC-E filter Calorimeters CRES

® Magnetic Adiabatic Collimation ® Low temperature ® Cyclotron Radiation
with an Electrostatic Filter micro-calorimeters Emission Spectroscopy

® Measuring kinetic energy ® Measuring temperature ® Measuring frequency
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Karlsruhe Institute of Technology

Future of direct neutrino mass detection
Mission of CRES experiments

100 KATRIN in 2025 &
® Experiments using CRES technologies
aiming at inverted ordering (or even beyond)
. Next-generation - technology demonstration required
E 10_1—:
o ] inverted
£
Next-to-next generation
10-2 4 hormal
10 102 10! 10°
m, (eV)

Future: combine technologies
(MAC-E filter, MMCs, TES, CRES, ...)

to go below the inverted mass scale

<T\|g\}§ Tritium Laboratory Karlsruhe (TLK)
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Future of direct neutrino mass detection ﬂ(".

10° KATRIN in 2025 ©

Next-to-next generation

10-2 - normal

103 102 101 10°
m; (eV)

Future: combine technologies
(MAC-E filter, MMCs, TES, CRES, ...)

to go below the inverted mass scale

Mission of CRES experiments

® Experiments using CRES technologies
aiming at inverted ordering (or even beyond)
- technology demonstration required

Beyond KATRIN

® Data taking until 2025 (1000 measurement days)

® R&D for differential measurement ongoing
significant sensitivity increase is possible:
more statistics, elimination of background,
better resolution

® Option 1: large area, high-resolution,
multi-pixel quantum sensor array

® Option 2: Time-of-flight measurement with
electron tagger technology
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Future of direct neutrino mass detection g% ﬂ(".

PTOLEMY

® Aim: direct detection of big-bang neutrinos;
determination of neutrino mass is ,by-product”
M.G. Betti et al JCAP07(2019)047 E

Grad B
KRR ‘;,-:; Final energy:
RN brakin !
- LVK‘/ - g Flnale

Dynamic calorimeters
. RF antenna:
Target: Transverse Drift (TES)

fast
Hydrogenated Filter: (fast tuning)

(*H) graphene measurement of (p, removal)

< p. and pew: (MS) >

Combine technologies (TES, CRES, novel drift filter)

5
N

‘Microcalorimeter

Setup of technology demonstrator
probably at LNGS in the next years
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Content from N. Rossi,
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risruhe Institute of Technology

Beta decay and electron capture — common challenges

For resolving neutrino mass signal:

3e-08 1
® Low endpoint and high decay rate \/ I
® High source activity needed ]
® High resolution in endpoint region

1e-08 4

Rate in arb. u

0e+00 -
18573 18574 18575
Electron energyin eV

_ Beta decay Electron capture

Isotope SH=T 183Ho
Endpoint 18.6 keV 2.8 keV
Half-life 12.3 years 4570 years

Production n-capturein D,O n-irradiation of 162Er
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risruhe Institute of Technology

Beta decay and electron capture — common challenges

For resolving neutrino mass signal:

3e-08 1
® Low endpoint and high decay rate \/ I
® High source activity needed ]
® High resolution in endpoint region

1e-08 4

Rate in arb. u

0e+00 -
18573 18574 18575
Electron energyin eV

_ Beta decay Electron capture

Isotope SH=T 183Ho
Endpoint 18.6 keV 2.8 keV
Half-life 12.3 years 4570 years

Production n-capturein D,O n-irradiation of 162Er
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Tritium source — molecular vs. atomic

® So far, tritium neutrino mass experiments
with tritium use molecular tritium

® Daughter molecule 3HeT* exhibits inner
excitations after tritium beta decay [ Atomic J

- “Final states” decay

| Molecular decay | H@ /o

_',@\"'1' +0\®

+ further inner excitations
\\\ (rotation / vibration)

30 October 6, 2023 Caroline Rodenbeck — Direct neutrino mass measurements
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Tritium source — molecular vs. atomic S(IT
[ Final-state distribution ]

® So far, tritium neutrino mass experiments 10 : : : : ! I
with tritium use molecular tritium
® Daughter molecule 3HeT* exhibits inner L Atomic T T _
excitations after tritium beta decay Atomic . 2
- “Final states” decay =
© 6 - —
°H v '8
[ Molecular decay ] @ / o 2
2 4 i
©
— + ‘. + & &
+ further inner excitations r | o |
\\\ (rotation / vibration) R H Robeson,
PhysicsI Reports 9114 (2021) 1-54 I I
0
-10 -8 -6 -4 -2 0 2

Relative Extrapolated Endpoint (eV)
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Tritium source — molecular vs. atomic ﬂ(".

[ Final-state distribution ]

® So far, tritium neutrino mass experiments 10 : : : : ! |
with tritium use molecular tritium
® Daughter molecule 3HeT* exhibits inner L Atomic T T _
excitations after tritium beta decay Atomic . 2
- “Final states” decay =
@® 6 -
*H v, '8
[ Molecular decay | m / o 2
2 4f i
©
— + 'o + 3 i
+ further inner excitations r | o |
\\\ (rotation / vibration) o popgg b e Gouves
PhysicsI Reports 9|74 (2021) 1-54 I I
. .y - . 0
Future: Use atomic tritium source to avoid 10 8 6 4 2 0 2
limitations by molecular broadening Relative Extrapolated Endpoint (eV)
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Tritium source — molecular vs. atomic ﬂ(".

Karlsruhe Institute of Technology

Ve e e L T e
Sc_)t;‘]atr,.;c.rltlum neutrllno rlnas:[s.te_xperlments _ Molecular tritium KATRIN like setup
WI rtum use moiecuiar tritium 3 % with differential

® Daughter molecule 3HeT* exhibits inner 2 O+ x detector
excitations afte’!' tritium beta decay Atomic | = + % x % i
- “Final states decay | 5006 +

2z +
°H % 2
2 0.04 +
[ Molecular decay | m / o & A
o Atomic tritium
& !
— > ﬁ \+ ]. + \ 002 0 100 050 030 010 005 0.01

AE, (eV)

+ further inner excitations

\ 471 236 118 071 024 012 0.02
\\ (rotatlon / V|brat|on) Detector Resolution AErywum (eV)
qu = 18520eV r
Fitrange Eo — 30eV
Future: Use atomic tritium source to avoid b misens
limitations by molecular broadening stat. bg (diff) = Omcps/eV

CD = 3.78:101 m~2
'statistics only'
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R&D efforts for an atomic tritium source

® Aim: Generate mK-cold tritium atoms
as source for ultimate neutrino mass
experiments

Molecular Atomic Atomic Atomic
tritium tritium tritium tritium
(hot, 2500 K) (cold) (trapped, injected)

Inline

: return T, + impurities
reprocessing

Impurity
processing

32 October 13, 2023 Caroline Rodenbeck — Direct neutrino mass measurements
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R&D efforts for an atomic tritium source

® Aim: Generate mK-cold tritium atoms
as source for ultimate neutrino mass
experiments

Molecular Atomic Atomic Atomic
tritium tritium tritium tritium
(hot, 2500 K) (cold) (trapped, injected)

Inline
reprocessing

Impurity
R&D needed!

32 October 13, 2023 Caroline Rodenbeck — Direct neutrino mass measurements

return T, + impurities
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R&D efforts for an atomic tritium source ﬂ(".

® Aim: Generate mK-cold tritium atoms ® R&D on different source types:
as source for ultimate neutrino mass

) ® RF plasma,
experiments

® DC discharge with pulsed valve,

Molecular Atomic Atomic Atomic
tritium tritium tritium tritium ® Thermal dissociation in a capillary, ...
(hot, 2500 K) (cold) (trapped, injected)

Skimmer
Filament \

Inline
reprocessing

Impurity
RED nesden
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R&D efforts for an atomic tritium source ﬂ(".

® Aim: Generate mK-cold tritium atoms ® R&D on different source types:
as source for ultimate neutrino mass
) ® RF plasma,
experiments

® DC discharge with pulsed valve,

Molecular Atomic Atomic Atomic
tritium tritium tritium tritium ® Thermal dissociation in a capillary, ...
(hot, 2500 K) (cold) (trapped, injected)

® Avoid recombination of tritium atoms

- Magnetic trapping OTNM
/“8
] 5 ‘("‘“ 2 . Skimmer
Inline . return T, + impurities “ Filament \
reprocessing
heated
capillary

Impurity
RED nesden

32

V\
Anode

YO

Pulsed valve

October 13,2023  Caroline Rodenbeck — Direct neutrino mass measurements <'|'\|2\}S Tritium Laboratory Karlsruhe (TLK)



R&D efforts for an atomic tritium source ﬂ(".

Karlsruhe Institute of Technology

® Aim: Generate mK-cold tritium atoms ® R&D on different source types:
as source for ultimate neutrino mass
) ® RF plasma,
experiments
Molecular Atomic Atomic Atomic ® DC discharge with pulsed valve,
tritium tritium tritium tritium

i ® Thermal dissociation in a capillary, ...
(hot, 2500 K) (cold) (trapped, injected)

-1 Loss H Loss \ Loss

a KATRIN'“ke T2 throughput Tritium Laboratory Karlsruhe heated

—— (40 g T / day) or above capillary
LU m Efficiency of each processing step needs to

be optimized to achieve a high total
efficiency

® Avoid recombination of tritium atoms
> Magnetic trapping i OTNM

nnnnnnnnnnnnnnnnnnnnnn

Filament

N\

N

7ol \ \‘ nnnnnnnnnnnnnnnn
"‘(’.“&‘ }‘ H2 Skimmer

Anode

000 O

Pulsed valve
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R&D efforts for an atomic tritium source ﬁ(".

® Aim: Generate mK-cold tritium atoms ® R&D on different source types:
as source for ultimate neutrino mass

) ® RF plasma,
experiments

® DC discharge with pulsed valve,

Molecular Atomic Atomic Atomic
tritium tritium tritium tritium ® Thermal dissociation in a capillary, ...
(hot, 2500 K) (cold) (trapped, injected)

nnnnnnnnnnnnnnnnnnnnnn
nnnnnnnnnnnn

Inline

Filament \
reprocessing

a KATRIN'“ke T2 throughput Tritium Laboratory Karlsruhe heated

S (40 g T/ day) or above capillary [RNRE l
P"'"FY 4 |
processing IS CL QR REETL Nell = NIE T| K'has a unique infrastructure for -

Anode
s AUEACRCERIEERMIN  otomic source development with partners \
efficiency sed valve

““0.‘//“’“3 Skimmer
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TEK, ST

R&D efforts for an atomic tritium source ......—occ. = 0K

\ Atomic hydrogen test stand ]
f

| Atomic tritium test stand |

irl L
Source

'ﬁ ® Currently preparing the
| glovebox for integration of
the first atomic tritium
experiment

® Simple cracker-based
test experiment
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TEK, ST

R&D efforts for an atomic tritium source ......—occ. = 0K

| Atomic tritium test stand |

ce
'/ﬂ ® Currently preparing the

(L \ glovebox for integration of

the first atomic tritium

experiment

® Simple cracker-based
test experiment

—

® Proof-of-principle experiment First experiments planned in 2024

®m Atomic fraction / isotopic effects

c Tritium operation experience
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R&D efforts for an atomic tritium source T l(> S(IT

Tritium Laboratory Karlsruhe Karlsruhe Institute of Technology

_Atomic hydrogen test stand | " | Atomic tritium test stand |

Mass spectrometer

.

® Tritium operation experience

TMP A
S Pressure T2= il —
by sensors Source

. ® Currently preparing the
glovebox for integration of
the first atomic tritium
experiment

@Lﬁ“‘g
A [ 1

® Simple cracker-based
test experiment

—

Proof-of-principle experiment First experiments planned in 2024

® Atomic fraction / isotopic effects To achieve the final stages —atom guiding, cooling and trapping—

a laboratory with tritium handling expertise is essential
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Summary and outlook ﬂ("‘

Karlsruhe Institute of Technology

/[T ] 100 - KATRIN in 2025 P
® KATRIN currently provides leading neutrino mass limit :
(m, < 0.8 eV)
® Final goal (after 2025) : sensitivity better than 0.3 eV _
N Next-generation
® Project 8 published first tritium data > 10714
EL 1 inverted

® QTNM and PTOLEMY in pre-tritium technology
demonstration stages .
Next-to-next generation

] 10—2 _

Holmium
® Micro calorimeters technology progressed in in the last few years _
10 102 107t 10°

m, (eV)

® O(10 eV) sensitivities in reach
(ECHo data being analysed; HOLMES science runs about to start)

[ Community pushes onward ]
® Active R&D of more sensitive technologies Develop new technoloai reach
(CRES, MMC, ToF, ...) ongoing .e' ?.Op SR O.Og e .
sensitivities beyond the inverted ordering!

® Efforts toward employing atomic tritium
<T\|g\}§ Tritium Laboratory Karlsruhe (TLK)
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Karlsruhe Institute of Technology

Backup slides A\‘(IT
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AT

Karlsruhe Institute of Technology

Windowless gaseous tritium source

® Source activity: 1011 Bq 3 longitudinal source profile (approx.)
® Tritium throughput ~40 g/day E‘ _
® Operation 24/7, 60 days/run 36T
==l ~ e

® Necessary inventory > 159 to rear m
< — to energy
section == analysis

® Source profile stable to 103 level =| =]
® T, purity > 95% @ @
T, DT HT: buffer pressure|controlled
® & @ | Hydogen permeator  vessel buffer|vessel
[So—— isotopologs |

waste l pure TzT

(T\E\}S) Tritium Laboratory Karlsruhe (TLK)
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Measurement principle of the MAC-E filter spectrometer ﬁ(".

Magnetic adiabatic collimation:

® Axially symmetric and smoothly
diverging magnetic field

{/// | e
R iy

0 Magnetic moment

=-—— |L| — is invariant transmitted
Bunin _ electron
| At analyzmg plane, transversal -
energy E; is minimal and . ; \ B
. Bmin | Wss AV
E) Ana = Exin sin® Osource Beyurce ﬁ — ' QE ret -
Electrostatic filter ' B

source detector

~ Analyzing plane

///////,_///////

momentum direction (without electrical field)

® High-pass filter: E} = qU, ¢
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Measurement principle of the MAC-E filter spectrometer ﬂ(".

Magnetic adiabatic collimation:

® Axially symmetric and smoothly e = N .’L"’H 1
ol S

diverging magnetic field

O Magnetic moment [Transmission function]
u=-— |L| — is invariant transt 1.0
Binin electr
a At analyzing ptane, t:ansversal ‘ 57 2.8 eV
energy E, is minimal and 5 B - < VAR
. ) min = % Max. angle in °
EJ_,Ana - Ekin - Sin Qsource B ﬁ : ' qQWret ~ 0.25 50

source

" — - = . - I 55
- T s ,/ 0

0.004

< . E in— Ure i V
Analyzing pIaneJ/ L e

/ / * isotropic source

/ / ////_.__./'//// / (Hmax=51°)
momentum direction (without electrical field) « standard magnetic fields
¢ Upop = —18.6kV

Electrostatic filter
® High-pass filter: E} = qU, ¢

source
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Measurement of the neutrino mass

101

10°

Count rate in cps

i
A

10"

1v

Eo

m?(ve)

—
1l

3e-08 1

2e-08 1

1e-08 4

\Rate inarb. u.

0e+00 4

18573
®

18574 18575
Electron energy in eV

1 Rog
* T

1

S\H'H
+ +

50
Retarding energy-18574 in eV

100

KATRIN Collaboration, Nat. Phys. 18, 160-166 (2022)

R(qUret) = N7 RB(E'mZ (Ve)\) - f(E, qUre)dE +Uret)
q
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