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Motivation - Neutrino Mass

B Hunt for the absolute scale of the neutrino mass ongoing since the
discovery of the neutrino oscillations at the end of last millennium

® Direct measurements:

= | ook for neutrino imprint in the end-point region of the beta decay
(Tritium) or electron capture (Holmium) spectrum
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Motivation - Neutrino Mass A\‘(IT

Karlsruhe Institute of Technology

B Hunt for the absolute scale of the neutrino mass ongoing since the

discovery of the neutrino oscillations at the end of last millennium . PTG zozzBeta Decay
@ Limit from the KATRIN experiment : ;%, 109
5 = [ KATRIN Final
m, < 0.8eV/c® (90%C.L.) -
‘]O-'I B

Inverted mass ordering

= Projected final KATRIN sensitivity:

m, > 02eV/c> (90%C.L) 02 _

ENormaI mass ordering

Next Generation

P Experiments

@ Limits from Cosmology: 10_3' o
10* 10° 107 107 10°

my ghtest (eV)

Y m, < 01leV/c? (95%C.L)

= The goal of future neutrino mass experiments will be to probe the sub-100 meV region of neutrino mass!

3 Pisa Meeting 2024 - Neven Kovac Institute for Astroparticle Physics (IAP), Karlsruhe Institute for Technology



Motivation - KATRIN

.

f Main Spectrometer:

— Magnetic adiabatic collimation
— Electrostatic energy filter
—-AEyg = 2-3eV

= KArlsruhe TRItium Neutrino Experiment
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= Currently leading experiment in direct determination of electron (anti-)neutrino mass!
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range of ~ few keV
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Motivation - beyond KATRIN

= Using KATRIN as a model for the future neutrino mass experiment

-

Atomic Tritium Source (ATS):

~\

. Electrostatic high pass filter
— Generate tritium atoms Ui(r)

at mK temperatures

— Trap the tritium atoms

in an atomic trap

iti - . Transport and
tritium electron Tritium source por
anti-neutrino * Rear wall and pumping
’ / electron gun
\

—_— @ Pitch angle

/ electron
Magnetic

helium-3 adiabatic colimation Cyclotron Field line direction
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[ Main Spectrometer:

— “Only pre-filter”
— Set to fixed potential
(~ 30 eV below tritium end-point)

Analysing plane
Uana(r)
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fQuantum Sensor (QS) Array:

— Energy resolving detector

— Ultra-high energy resolution

— Mitigation of spectrometer
induced backgrounds
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Motivation - beyond KATRIN

[ Main Spectrometer:

— “Only pre-filter”
— Set to fixed potential
(~ 30 eV below tritium end-point)

= Using KATRIN as a model for the future neutrino mass experiment

.
-

.
Atomic Tritium Source (ATS):

Analysing plane
Uana(r)

Electrostatic high pass filter
Ui(r)

— Generate tritium atoms
at mK temperatures

— Trap the tritium atoms
in an atomic trap

Electron
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electron
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= KATRIN beamline gives us a unique opportunity to develop new technologies!
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fQuantum Sensor (QS) Array:

— Energy resolving detector

— Ultra-high energy resolution

— Mitigation of spectrometer
induced backgrounds
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Motivation - beyond KATRIN

= Using KATRIN as a model for the future neutrino mass experiment

Electrostatic high pass filter Analysing plane
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= KATRIN beamline gives us a unique opportunity to develop new technologies!
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rQuantum Sensor (QS) Array:

— Energy resolving detector

— Ultra-high energy resolution

— Mitigation of spectrometer
induced backgrounds

This talk!
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Future Neutrino Mass Experiment with Tritium A\‘(IT

Karlsruhe Institute of Technology

@ Reaching sub-100 meV sensitivity: @ Metallic Microcalorimeters:

% Significant increase in the statistics % Energy resolution orders of magnitude better compared to
conventional detectors

< Close to 100% quantum efficiency (for photons)

% Reduction of the background

% Increase in the energy resolution
% Near linear detector response over a wide energy range

-
. . . ‘
= Differential measurement mode is the way to go!] < No surface dead layer
\
high-resolution X-ray spectroscopy
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Metallic Magnetic Calorimeters (MMCs)

@ Cryogenic micro-calorimeters = T

~ 10mK

@ Working principle based on the magnetisation
response of the paramagnetic sensor

Single detector event

oM oM OF
0P x OM x — 6T
oT oT C,,
_ 100 . . : A
'E A
< 80} oM 1 .| %
S 6of oT {1 81 %
prar} — s3] =]
-§ 40| ] 8 %|||b
o £ B~
g) 20' N _9 © A 4
e 0 | , , Too~ 10mK
0 5 10 15 20 time

temperature / mK
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SQUID!

'Superconducting Quantum Interference Device
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Metallic Magnetic Calorimeters (MMCs)

& Cryogenic micro-calorimeters = T, ~ 10mK

@ World leading in energy resolution!

q [ -
£ 150 :—55Fe source Kui < -t Data (b)
g 100 | ‘ S g
S — E Ideal detector
© [ K(x2 t [
50 F -
: ﬁﬂw | an
- (] ‘ - .*./ \
0 s 1 1 | 1 1 I 1 | s .'.\."q.'l'h.?'.-‘.'.' 1 I
b
~ 2
& 0
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M. Krantz et al., Appl. Phys. Lett. 124, 032601 (2024)
F. Toschi et al, PRD (2024)

Energy [eV]

@ 5.9 keV +0.07,.,
[AEFWHM - (1.25 £ 0.1, 0o ) eV]

syst.
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Metallic Magnetic Calorimeters (MMCs)

AT

Karlsruhe Institute of Technology

@ For KATRIN++ we need a differential detector able to perform electron spectroscopy with ultra-high energy resolution!
#@ MMCs not tested with external electron sources! Until now...

-

\.

J L

Never used for

measurements of light
charged particles from

external sources!

( N ( )
Photons External Electrons Heavy Ions
Gaussian detector response Gaussian detector response Non-Gaussian detector response
5or B (;305kl V)i ;\ | e
+ s e In Au
*Mn, K,,
20 L ] 1
> AEgypy = 1.58eV > s
% 100 §150_ %’2007 |
g ® % 150 |-
2 <lCJ 2
5 > 100 |- & '°oF .
% 50 - ® 50 |
50 i ° 51 > > ) ‘ ]
® e e
0 T . T T 0 . o ’ daiit J{
5.86 5.88 5.90 5.92 6 10 20 30 40 50
energy E / keV energy E / keV
Experiment: performed Experiment: not yet performed x Experiment: performed
Simulation: validated Simulation: not yet validated Simulation: validated

J
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The ELECTRON Project

@ KIT internal project = funded through “KIT Future Fields, Funding Stage 2”

@ Aims:

I. Test whether MMC detectors can be used to measure external electrons

Il. Study the detector-electron interplay and investigate potential systematic effects

lll. First ever measurement of the differential tritium spectrum with a cryogenic

micro-calorimeter

o
Electron sources:

(1)  Electron-gun
() 33Rb/83Kr - source

(1) Tritium bound on graphene

|

Successful tritiation of graphene
demonstrated at TLK, KIT
(PhD G. Zeller, 2024)

https://doi.org/10.1039/D3NAO0904A
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G. Zeller, arXiv:2310.16645
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Detector platform

Electron source
(e.g. ®™Kr)
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https://arxiv.org/abs/2310.16645

ELECTRON - Experimental set-up

AT

Karlsruhe Institute of Technology

. Commercially available Bluefors *He/*He dilution refrigerator

@ Detector and read-out SQUIDs designed and fabricated at KIT-IMS
PhD Thesis M. M[Jller

r

MMC pixels:

e Absorber area: 170 um X 170 um
e Absorber thickness: 12 um
e Absorber material: gold

\.

< o8 I Detector From the MMC

chip l
g dc-SQUID input coil
ims e

[T

Front-end 5&\ &

SQUID chip HH‘H'”‘
Detector set-up

+ 1
83Rb/$MKr source [

Josephson feedback coil . < . —
junction Custom designed circuit board

To the amplifier and voltage supply

13 Pisa Meeting 2024 - Neven Kovac Institute for Astroparticle Physics (IAP), Karlsruhe Institute for Technology



ELECTRON - First measurements with 5°Rb/53"Kr source

® Measurement set-up at IMS

Karlsruhe Institute of Technology

Aluminium shield prevents
contamination of the cryostat

+ = - ,

acts as a superconducting
N shield for the SQUIDs

99662513

T &

| B-oF 9
{HTHN I'l'

i _
g Platform with detector and |
N front-end detector chips J

Implanted 83Rb/33"Kr source
used as a source of external
electrons and X-rays

N\

Activity adjusted by
changing the distance
between the source and
detector

~

Gold foil collimator |
prevents charging up
of the detector
substrate
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Amplitude / m®g

ELECTRON - Measurements with 3°Rb/%*"Kr source A\‘(IT

Karlsruhe Institute of Technology

® Analysis of the signal pulse shape
B Averaging several signals corresponding to:

Consistency between detector responses to
electrons and photons is important for the first

l. 30.4 keV L-32 conversion electrons
stage analysis of the measured spectra!

Il. 17.8 keV K-32 conversion electrons = From the 33Rb/33"Kr spectrum
111.12.6 keV K, X-rays

" —— e(ls,) - 304 keV | 101 —— e(L32) - 304 keV | w0t Log scale
— e(K3)-17.8 keV \ — e(K3p) -17.8 keV .
y - 12.6 keV . yA- 12.6 keV _ g

w
=]
o

Lin scale

Scale pulses to
unitary amplitude 021 107 — e(ls) - 304 keV |
N N — e(K32) -17.8 keV

y-12.6 keV

-05 0.0 0.5 1.0 15
Time / ms

N}
o
S

I
>

Amplitude / a.u
>
/

Amplitude / a.u.

15)
=)

0.0

-05 0.0 0.5 1.0 1.5 05 00 05 0 15
Time / ms Time / ms

[=> Detector response to external electrons and X-ray photons shown to be consistent!J
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ELECTRON - 33Rb/%¥"Kr Spectrum AT

Karlsruhe Institute of Technology

& pifferential 33 Rb/#"Kr spectrum with the highest resolution ever recorded

I data
fit: Erwsm = 25.77 + 01558 eV Pre//m
250 i Inary
= Successful identification of individual spectral lines i Ka1
>200 i
= Achieved resolution (X-ray lines): AErym, = 25eV @ 12.6keV 2 I
N0
= Resolution expected to be below 10 eV in the next runs! E l
© 100
[
50 i
. Prai- . ,
10"} & T€limj i
M,N-9.4 Nar N . e
y 12400 12450 12500 12550 12600 12650 12700 12750 12800
KXg energy / eV
10%+ L-94) -
§1§’ - $62qd3/2- 0
° K- 32 L-32 S8 9% 57Rb
Q $° SndF & 0 = 919.4keV
© N Q':? \’\%@\9 T - P
< MN- 2 ST &
010 3 L7 pe B2 O 2y Ry S 799.49 _0.90 6.87
c : SPFS e on
3 10.4ps 32 SV S8 05?‘3?‘” 690.53 _0.137 .30
° e [[sss IR B ra—
1 ,,,,,,,,,,,,,,,,,, O ‘ il N
10 | | | o F
: : : o7
; 1/2 o 41.5575
‘ ‘ 1.83h L2 & & -
Al | | LI 2\ i R
10 I T A RN AN A (MM I e §2Kr
25 30 35 D. Vénos et al 2018 JINST 13 T02012
Energy / keV
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ELECTRON - 3Rb/%3"Kr Spectrum

AT

Karlsruhe Institute of Technology

@ Analysis of the acquired spectra

= Comparison with the spectrum measured with the Silicon Drift Detector (SDD) detector using the same 8Rb/3*"Kr source

Conversion electron

MMC Spectrum

SDD Spectrum

10 “"””% ””””””””” ””””””

10°
10+ -
% i
S @ 10
e | 2
10 2
c i >
8 3
1 10’
10
0 | | 0
10 A0 (AL AN A 10
15 20 25 30 35

s
3

15 20 30
Energy / keV

Energy / keV
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ELECTRON - Further Steps QAT

Karlsruhe Institute of Technology

@ Next steps:

| A
1. Measurement with sub-10 eV resolution (improved thermalization of the detector u%
platform) =
2. Investigation of the systematic effects, such as backscattering and sputtering Uy
Backscattering Sputtering Frenkel Pairs 0'05
@O0 O 0 O O 0 OO O 0 00 : | |i»
050 0 o O 0 0O 0.0 00 -
/ ‘_> __ —_— ._}/ éo.oz- .
.OOOO © O O O © O O O W-y'w"".
O O O O o O O O © O O O ot

0.00
0.0 0.2 04 0.6 0.8 1.0

E/Eo
Scanning Electron Microscopy and X-Ray Microanalysis,
Springer New York, NY, 2018
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ELECTRON - Further Steps

@ Next steps:

1. Measurement with sub-10 eV resolution (improved thermalization of the detector
platform)
2. Investigation of the systematic effects, such as backscattering and sputtering

Energy deposited by

Praj-
backscattered 10°] re/””inary
electrons? KXg

10%+ L-9.4],
3
l
Under investigation! 3

l 10" g i

|
Measurements with o IELIRIE AR T il 0
20 25 30 35

the electron gun! Energy / keV
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Backscatter n(E), normalized
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12 um Au laye
\} A AL TTR 'f‘, lat g 00nm
c Zn,
1 400.0 nmy
Lo ‘
. S
~ c 800.0 nm
t B
\ 4
o Backscattered electrons .
e A deposit only a small o
v C .
v o fraction of energy \ ="
H Au | ]

E/Eo

Scanning Electron Microscopy and X-Ray Microanalysis,

Springer New York, NY, 2018
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ELECTRON - Further Steps QAT

Karlsruhe Institute of Technology

¥ Next steps: G. Zeller, arXiv:2310.16645

1. Measurement with sub-10 eV resolution (improved thermalization of the detector
platform)

2. Investigation of the systematic effects, such as backscattering and sputtering
3. Measurement of the novel compact tritium source — Tritium bound on graphene

T2
ﬂ\ @ Tritium graphene source - quasi atomic tritium source
p-zerfall RN < Tritium atoms are covalently bound on graphene
3H¢;* :T substrate
% Samples developed and fabricated at Tritium Laboratory
®© o Karlsruhe
SHe+T* . . .
< Compact tritium source — can be mounted directly in the
@ cryostat
SHeT™

< Specially designed detector-source enclosure required to
prevent contamination of the cryostat!
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https://arxiv.org/abs/2310.16645

Motivation - beyond KATRIN QAT

Karlsruhe Institute of Technology

B Using KATRIN as a model for the next generation neutrino experiments with tritium

= KATRIN approaches the target goal of 1000 days of Tritium beta scans — final sensitivity just above 200 meV
= By the end of 2025, TRISTAN keV-sterile neutrino search will start —> see talk by F. Edzards
= Next generation neutrino mass experiments will require years of research and development of new technologies

Current KATRIN Scientific Phases! R&D Towards The Future
s \ N\l N\| =)
KATRIN Phase 1 KATRIN Phase 2 - TRISTAN KATRIN++ R&D Phase Ultimate neutrino mass experiment
— Integral measurement — Differential measurement — Develop new technologies for future - Determinatfon of the neutrino
— Aim to constrain the mass of electron with new SDD detectors neutrino experiments mass ordering
anti-neutrino — Aim to probe the keV sterile — Atomic tritium demonstrator — Determination of the absolute
— Projected sensitivity: m, > 200 meV neutrino mass range — Quantum Sensor demonstrator values of the neutrino mass
) ) eigenstates J
| | | | time
| i i i >
2019 2026 2028 2034
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Motivation - beyond KATRIN QAT

Karlsruhe Institute of Technology

B Using KATRIN as a model for the next generation neutrino experiments with tritium

= KATRIN approaches the target goal of 1000 days of Tritium beta scans — final sensitivity just above 200 meV
= By the end of 2025, TRISTAN keV-sterile neutrino search will start —> see talk by F. Edzards
= Next generation neutrino mass experiments will require years of research and development of new technologies

Current KATRIN Scientific Phases! R&D Towards The Future
s \ N\l N\| =)
KATRIN Phase 1 KATRIN Phase 2 - TRISTAN KATRIN++ R&D Phase Ultimate neutrino mass experiment
— Integral measurement — Differential measurement — Develop new technologies for future - Determinatfon of the neutrino
— Aim to constrain the mass of electron with new SDD detectors neutrino experiments mass or.der{ng
anti-neutrino — Aim to probe the keV sterile — Atomic tritium demonstrator — Determination of the absolute
— Projected sensitivity: m, > 200 meV neutrino mass range — Quantum Sensor demonstrator values of the neutrino mass
) eigenstates
\ J \ J \ \, J
| | | | time
| < | | | >
2019 N 2026 2028 2034
AN

— R&D for Atomic Tritium Source (ATS) and next generation Quantum Sensors (QSs) already started!
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Quantum Sensor Array at KATRIN beamline A\‘(IT

Karlsruhe Institute of Technology

@ KATRIN beamline as a test facility for next generation neutrino mass experiments with tritium
B MMCs (and TESs) highly sensitive to external magnetic fields:

[Operational range of the MMC-based detectorsJ

= Sensitivity of detectors decreases with the higher magnetic fields
= MMCs can be optimised to operate at ~ 20 mT fields

® Quantum Sensor Arrays have to be operated at cryogenic (mK) temperatures 500 ]
£ 400 1
= |nterface between source at room temperature and detector array at mK <
temperatures needed =
= Graduate cooling of the beamline after the spectrometer needed .§ 300 |
= Cryostat powerful enough to cool down large detector array and keep it stable .f':‘f
for several months of operation % 200 |
(1]
=

|dea from the Qantum Sensor workshop last October: 100

= Cold chicane to move the detector array from direct line of sight from the ‘
spectrometer + to gradually cool the beamline 0O 20 40 60 80 100 120
Inv. Temperature T [K'1]
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Quantum Sensor Array at KATRIN beamline ﬂ(IT

Karlsruhe Institute of Technology

® Modifications of the KATRIN beamline for qguantum sensor integration
currently under investigation

= Global magnetic field needs to be decreased by a factor of 10

= Cryostat hosting the detector array needs to be integrated in the beamline,
but off-axis from the (room-temperature) main spectrometer

= Beamline needs to be pre-cooled before the cryostat

—

| : ..............................

.ia;i‘\';"\i"rll'ﬁl‘% ’\"\h.‘ ‘W\Jl\;'\ \
detector cryostat

Segmented
detector

. Transport and { iy
Tritium source pe PPN 4 voves
Rear wall and pumping

electron gun

AAAAA

Main spectrometer

Global magnetic field decreased by factor of 10 = ~ 20 mT magnetic field at detector position
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AT

Karlsruhe Institute of Technology

Conclusion and Outlook

@ ELECTRON
Beta Decay
. . . | [ KATRIN 2022
= Showed that Metallic Magnetic Calorimeters can be employed for o o0
measurements of the external light charged particles S E KATRIN Final
= Upcoming measurement aim at sub-10 eV resolution :
. o 0 ‘]0»1:
= |n the near future first measurements of the tritium spectrum  Inverted mass ordering
with the cryogenic microcalorimeters KATRIN++ (2) Next Generation
i e Experiments
10—2 :_-'/
FNormal mass ordering

® Many challenges still ahead of us
= Development of large quantum sensor arrays (order of 10¢ pixels) and
accompanying read-out, compatible with low magnetic fields (10s of mT)

= Design and construction of a large dilution refrigerator to house the

dependent
oils

L. Gamer et al., J Low Temp Phys

detector array
= |ntegration of the quantum sensor array at the KATRIN beamline
(2016) 184:839-844

= Development of the atomic tritium source
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