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L Discovery of atmospheric (v — v ) & solar
et (v, — v [v ) neutrino oscillations — m(v)#0
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neutrino oscillation = Am2ij = m(vj) # 0, but unknown absolute scale
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— Three complementary routes to the
wWwu

MUNSTER absolute neutrino mass scale

1) Cosmology
very sensitive, but model dependent
compares power at different scales
current sensitivity: Zm(v,) ~ 0.23 eV

Current power spectrum Fikd {b' Mpel?]

Tewnark & Ealdarriapn. amm-p kI 77 1 opdaces

o001

2) Search for 0vpp e o
A A
Sensitive to Majorana neutrinos P\ [e” e P
Limits by EXO-200, KamLAND-Zen, GERDA Il, CUORE? 4 .
Ve = Ve

3) Direct neutrino mass determination: n n

No further assumptions needed, use E? = p%c? + m?c* = m?(v) is observable mostly
Time-of-flight measurements (v from supernova) e
SN1987a (large Magellan cloud) = m(v_) < 5.7 eV

Kinematics of weak decays / 3-decays
measure charged decay products, E-, p-conservation
p-decay searches for m(v,) - tritium, *’Re B-spectrum

- ®3Ho electron capture (EC)

1

ko [oL
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- Direct determination of m(v )
wwu °
from p-decay (and EC)

MUNSTER
e

p: dN/AE =K F(E,Z) p Ey (EoE,) Z|U 2 V(EsE.)2 — m(v))?
et el e ~— —~
P E. E, P,

essentially phase space: — EC at upper end is similar

with “electron neutrino mass” m(v,)?:=x [U_|* m(v,)?, complementary to OvfB & cosmology

(modified by electronic final states, recoil corrections, radiative corrections)
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Need: low endpoint ener Tritium *H Re, '*>*Ho

very high energy resolution &

very high luminosity &
very low background

= MAC-E-Filter

(or bolometer for '®’Re, '®*Ho)




— — WWU The Karlsruhe Tritium Neutrino Experiment
MUNSTER KATRIN - overview

Tritium source Transport section

Pre spectrometer

Spectrometer Detector
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Sensitivity on m(v,):|
N : 2eV — 200 meV
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L Molecular Windowless Gaseous

— Tritium Source WGTS

f per mill stability source stre(néth request:\

dN/dt ~f, -N/t~n =® vm@

tritium fraction f; & ideal gas law

él ! : I
| | |
e p BNy —— o AN, p==1
WGTS: tube in long superconducting solen0|ds 0
@ 9cm, length: 10m, T=30 K I
R .5 B R
Tritium recirculation (and purification) 5 |
. a L
p,, = 0.003 mbar, g, = 4.7Cils “ max. starting angle
i 45° 60° 80°
allows to measure with near to ;
maximum count rate using al L
od=5 - 10"/cm? 0.1} KATRN a5 x 10"
with small systematics

_ _ 0 5 10 15
check column density by e-gun, T, purity by laser Raman  ;,mn density pd (107 molecules / cm?]
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- — Molecular Windowless Gaseous
—— WONSTER Tritium Source WGTS
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_— WWU Calibration and monitoring rear system:

MONSTER controling and studying systematics

Essential for diagnostics of tritium source
& spectrometer transmission
- photo-electron gun:
spectrometer transmission
column density & energy losses in source
- rear wall: definition of source potential,
neutralization of tritium plasma
- X-ray detectors:
online monitoring of tritium 3-decay
activity via X-rays (BIXS)

0.8F T
0.6; ‘—'
G—— Tl

rel. intensity

.|
A e from moleclar windowless gaseous tritium source lowards the
© 0 20 40 monoenergetic e-gun spectrometer
gil [eV]
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= Differential and cryo pumping sections:

———— wwu supression of T_by 10" (incl. WGTS)

at Ar snow at 3-4 K
Tritium retention: >107
* magnetic field: 56T

e active pumping: 4 TMPs
® Tritium retention: 10°
* magnetic field: 56T

* lon monitoring by FTICR and ion manipulation

by dipole and monopole electrodes inside
Christian Weinheimer




L Monitoring and calibration
— — WWU g

MONSTER instrumentation of the CPS

Condensed ¥™Kr conversion electron source

for energy calibration and studies of transmission properties
HOPG @T=25K, UHV, on HV, can scan full flux tube
surface control: heating & laser ablation, laser ellipsometry

Electron rate monitor
scanning small SD or PIN diode

Absolute Neutrino Mass, TAUP 2017 10



—_— — WWU KATRIN spectrometers

MONSTER of MAC-E-Filter type

——t K

e

= == e ===
b

111

|

— e — — — — ———
||||||||||

o —r v

- A > AE=E -ABmin /B__
= = E - 1/20000
=0.93 eV

Pre spectrometer: f
- successful tests & developments of new concepts ” emu{ﬁ%(odﬁeog%gegP
Main spectrometer: adiabatic transform.: 0-352-
- huge size: 10m diameter, 24m length w=E/B=const . 0022

1240 m3 volume, 690 m? inner surface = parallel e beam % 0o
- ultra-high vacuum: p = O(10-"" mbar) ABE=B /B & O;f_
- ultra-high energy resolution: AE = 0.93eV 005
- vacuum vessel on precise high voltage (ppm precision) 055 B .

Christian Weinheimer ADbSOlu.C 1 ve e oo



—_— WWU Commissioning of main spectrometer

MONSTER (AE = 0.93 eV) and detector
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— — WWU Background sources at KATRIN:

MONSTER detailed understanding, but ...
internal x n/ . vessel
radioactivity / i* E wire
——,—," ZNY ;f; - - - electrodes

- :\_- simsissEsssgrassezreses ‘ srrmsssegmrssamseses ...........';o::':..
X w
K, .. external radioactivity

» 8 sources of background investigated and understood

- 7 out of 8 avoided or actively eliminated by * 1outof8 ;apaining:
- fine-shaping of special electrodes caused by #'“Pb on spectrometer
- symmetric magnetic fields walls (neutral H* atoms ionised by
- LNs-cooled baffles (cold traps) black-body radiation in
- wire electrode grids spectrometer)

Christian Weinheimer Absolute Neutrino Mass, TAUP 2017
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z Background due to ionization of

— "y Rydberg atoms sputtered off by o decays

.
H* Rydberg atoms: counter measures:

- desorbed from walls due to 2°6Pb recoil ions - reduce H-atom surface coverage:

from 21°Po decays a) extended bake-out phase: done
- non-trapped electrons on meV-scale

- bg-rate: ~0.5 cps

b) strong UV illumination source

Testing this hypothesis: [‘rate - symmetric B-field | S

T . . . po 1.837 = 0.0191
artifically contaminating . E 5 5 5 5 5 5 Pl enioeiod . 16
the Spectrometer With _‘:3 24 ;:_P‘.{-. ........... ... ................... ‘ .................... ................... ‘ ................... ................... ; .............

. .. @ — s : : : : : : :
Implanted Short_IIVIng 4@ 292 ____‘%‘+‘+n. ................... \. ................... ................... ................... .............
daughters of 2°Rn 2F ++ ................. 1;=1;(212Pb) ....................................... L erenre e —
- M é é é é é §
1.8 :_-h*& ................... Tt S o e oo
- L Ty 5 é % : :
16 ..._...... ............. v]:;i- .................... ,.L, ..............
- : T, é : ; : :
TP —— = S— T— A— —
- ' ' by ‘ ' :
12__ ...................................................... 4. .......... +_ .........................................................................
< - : ; TR
\ \\\\\\\\\\\\\.\ |onge?exp%5ure 1:_ ............... _ .................. ................... .. ........ - *J—*ﬁ+w+ ................... .............
L s St S B S, S
L 1 | | i 1 1 1 ] 1 1 1 i | | 1 I 1 1 | i 1 | 1 1 1 1 l i 1 1 X‘103
0 20 40 60 80 100 120 140

time/s
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: Technical start of KATRIN: ,,1° light“,
wwu :
MONS TER photo-electrons from rear wall & and ions

Testing whole 70m long
beamline with electrons:

- alignment

- magn. stearing of pencil bearmr

With ions:
- ion removal

no tritium yet

Event Rate (cps)

Christian Weinheimer



— - — July 2017: calibration and comissioning

HONST campaign with all 3 *"Kr sources

= 9aseous “"Kr source [l condensed *"Kr source
.E.': : : T
\uku.--.v;':j})\ decaying *™Kr atoms fill point-like source

whole WGTS (at 100 K) full flux tube scanable

‘ Pb shielding
around well &
Rb source

Tpiece with
plexiglass |

Christian Weinheimer

I=1/2-

I=7/2+

1=9/2+

83
—— Rb
EC:T‘UQ =36,2 d
sy /
Tp=183h — quasi- _
a=2011 monoenergetic
E=32,1517(5) kevV electron lines at
Typ =154.4 ns 7 keV - 32 keV

a=17
Burd E=94 keV
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— WWU

July 2017: calibration and comissioning

HONST campaign with all 3 *"Kr sources

482
30480
I4TE
I4TE
474
T2
I4TO
0468
30466

4 gaseous *™Kr source condensed *™Kr source
=) 1 decaying ®™Kr atoms fill point-like source
4l Wwhole WGTS (at 100 K) [l full flux tube scanable

implanted
8Rb/**MKr source

e— 83
: .

\ 1
oe T R T T R T VT M T F e T Ty U;g[?]e !
K35 Voltage Reading (V) EC:Ty2=86,2 d
83m Kr

I=1/2-

Tiz=1,83h — quasi-
a=2011 monoenergetic
— E=32,1517(5)keV electron lines at
a=17
83 —
30 34 14:36 B 1‘:mmc"nm |=9f2+ Kr E-g‘,4 I(EV
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L 83m .
— — WWU Purpose of *""Kr measurements:

MONSTER calibration, alignment, systematics, HV

Gaseous Condensed
83MKr source 83MKr source il Implanted

<t inpelei=

s 83mKr source

(cps) FPD Rate, fpd00033021.221

250 5 °F 60
o }  Measurement - 17.5
200 é”ﬁ— t —— Fit result =
3 ~-- Differential shape [ 15:0 @
- af _ 50 ifferential shape 4
L a F12.5 &
105— 1 I 18]
I 43 prellmlnary. | 10.0
- small part of statistics e T
0 O 7T B 1 T 17 S [ 5 7 -/ ‘-
bro e only £
Magnetic Field (T), fpd00033021.221 , FBM Position X (mm), fpd00033021.221 O :" - 5.0 %J
1.85 42510 f o
E : / 25 5
-1.9:— m:— 20 _,.-"” - -
3_ _ 30465 30470 30475 30480
Retarding energy (eV)
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—"— wwu Systematic uncertainties

MUNSTER

|
As smaller m(v) as smaller the region of interest below endpoint E_

— quantum mechanical thresholds help a lot !
A few contributions with Am ? < 0.007 eV? each:

1. inelastic scatterings of s inside WGTS N\
- dedicated e-gun measurements, unfolding of response fct.

2. fluctuations of WGTS column density (required < 0.1%)
- rear detector, Laser-Raman spectroscopy, T=30K stabilisation, tritium

e-gun measurements >
source

3. WGTS charging due to remaining ions (MC: ¢ < 20mV)
- monocrystaline rear plate short-cuts potential differences

4. final state distribution
- reliable quantum chem. calculations

J

5. transmission function

- detailed simulations, angular-selective e-gun measurements
>~ spectrometer
6. HV stability of retarding potential on ~3ppm level required

- precision HV divider (with PTB), monitor spectrometer beamline

_/
Christian Weinheimer Absolute Neutrino Mass, TAUP 2017 19



— — WWU Systematic uncertainties

MUNSTER

|
As smaller m(v) as smaller the region of interest below endpoint E_

— quantum mechanical thresholds help a lot !
3 yr of data taking

sensitivity on the neutrino mass (stat.+sys. uncertainties):

— 200 meV (design value)

Higher (Rydberg) background rate

— using larger data range (E0-60 eV) and a bit less energy res.:

— 240 meV (without further mitigation of the Rydberg background)
spectuormerter
6. HV stability of retarding potential on ~3ppm level required /r

- precision HV divider (with PTB), monitor spectrometer beamline

Christian Weinheimer Absolute Neutrino Mass, TAUP 2017 20



—_— WWU KATRIN will measure an ultra-precise p-spectrum
MONSTER — search for physics beyond the SM

e
Sterile neutrinos

dN/dE =K F(E,Z) p E. (E,-E.) (cos2(8) V(EsE.)2 — m(v,,4)? + sin%(8)V(E,E.)2 — m(v,)?)

eV v: 10 5 =
] M.Kleesiek, §
10 PhD thesis,
E KIT (2014)
S
< 1
061 ) '01 ' '1 19570 18571 18572 18573 18574 18575
see e.g.. : E/ev
J. A. Formaggio, J. Barret, PLB*7082011) 68 e | |
A. Sejersen Riis, S. Hannestad, JCAP02 (2011) 011 M
A. Esmaili, O.L.G. Peres, arXiv:1203.2632 L2
N ]
keV v: fol |
see e.g. e | | "‘~~--.‘_,r=~f';<\\::ﬁ
S. Mertens et al., JCAP 02 (2015) 020 I ar=—01 \
M. Drewes et al. JCAP 01 (2017) 025 04r) 7 ‘iL“:“_“Z |-
0z | _ :2:0 g
non SM currents, ... — I
see e.g.: N. Steinbrink et al., JCAP 6 (2017) 15 (RH currents & sterile v) - Iy (V)
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—— WWU Can we go beyond or improve KATRIN ?

MONSTER Problems to be solved
[

06

1) The source is already opaque : |
: : ¥ o (STl Sy

— need to increase size transversally < F

2 04 L

magnetic flux tube conservation
requests larger spectrometer too .
but a @100m spectrometer is not feasible

max. starting angle
45° 60° 80°

0.2
Possible ways out: o o b1
[ working point
a) source inside detector (compare to 0v33) _ S
using cryogenic bolometers (ECHo, HOLMES, 0 5 10 15
NUMECS) column density pd [ 1017 molecules / cm?]

Christian Weinheimer Absolute Neutrino Mass, TAUP 2017 22



—— WWU

MUNSTER

ECHo neutrino mass project: 13Ho electron capture
with metallic magnetic calorimeters (MMC)

(o]}
0 0||// 163Ho + ¢ — 163Dy* 4 v, — 163Dy 4 Y/e- 1+ v,

7 3000 MMC: determine AT
L — m=0ev . by measuring change
10° - m(v)=10 eV of magnetic properties

E © 2001 - AT = AE/C,C o T?
S ' 2
5 I 1500 | a (—LL
S . g
S neutrino 3 1000 | |
102} phase space s00 | . ksl !
0 Q.= 2.8 keV EV P, y \ 3 | SQUID loop
0 00 05 10 15 20 25 30 276 277 278 279 280 281
Energy / keV Energy / keV thermal link
200 T T T T
NI First 13Ho spectrum with MMC thermal bath
150 F P.C.-O. Ranitzsch et al., T
g J Low Temp Phys 167 (2012) 1004
g 100 .
g
§ MI
50 -
NIl MIl
0 courtesy L. Gastaldo
0.0 0.5 1.0 1.5 2.0

Energy £ [keV]
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— — WWU Current status of ECHo

MUNSTER

- Independent "*Ho Q- measurement
Qec = (2.833 +0.030, £ 0.015_ ) keV

- High purity "*Ho source has been produced

- "*Ho ions have been successfully implanted
in offline process @ISOLDE-CERN in 32 pixels
@RISIKO in 8 pixels

@RISIKO in 64 pixels !lllll! .

BEREREREEER

LI ELELE LRI B
FTEREREAREE S AN AEAE S

- Large MMC arrays have been tested and ﬁiiilii
microwave SQUID multiplexing

has been successfully proved

. . 2500 }
- New limit on the 2000 | )

electron neutrino mass §1500

is approaching £ 1000

N 500 Hi o M'I
NIl . - “*ij Ml
courtesy L. Gastaldo %0.0 05 1.0 15 20 29
Energy E / keV
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—~— wwu ECHo neutrino mass project: timeline

MUNSTER

I —
Prove scalability with medium large experiment ECHo-1K (2015-2018)

- total activity 1000 Bq, high purity "**Ho source (produced at reactor)
- AEFWHM < 5 eV

-t. <1uyus

- multiplexed arrays — microwave SQUID multiplexing
- 1 year measuring time 10'"° counts — neutrino mass sensitivity m < 10 eV
- Data taking will start in August 2017

Future: ECHo-10M sub-eV sensitivity

In addition: high energy resolution and high statistics
'®*Ho spectra allow to investigate
the existence of sterile neutrinos
in the eV-scale and keV-scale

courtesy L. Gastaldo
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- HOLMES: %3Ho implanted in Au absorber
wwstee —— With transition edge sensor (TES) readout

|, =400 kS/s

|AE,= 4.0 eV

iT. =35 s

rise

= 141 ps

1 Tdecay

|slew rate = 0.2 ¢ /S

200%200 pm? absorber

éig%pjﬁm A=y % mm . = 5920 o

Christian Weinheimer Absolute Neutrino Mass, TAUP 2017 26



— " — Wwu HOLMES: frequency multiplexing

MUNSTER

ol ]
_mj‘qﬂl‘pqu\\\\“\pﬂﬁpﬂhﬂﬂﬂﬂ“ﬁquﬁww\f\q(
® chip HMUX17A

e 33 resonances in 500 MHz |

» width 2 MHz m 20t
» separation 14 MHz ;:_25_ 4.

e squid noise <=2 p® /VHz R RIE ; | l2i=7=|
30Ffad ! e - Ly : SR B . 1 e
35F
_4(}_?32;;,,%.:% 33 resonances on 1 mux chip

3.95 1 405 41 415 42 425 43 435 44 445

courtesy A. Nucciotti oo CiEE)
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— — WWU HOLMES: timeline

MUNSTER

Project Year 2015 2016 2017 2018
Task S2 S1 S2 S1 S2 S1 S2
|sotope production =
TES pixel design and optimization |
lon implanter set-up and optimization = |
Full implanted TES pixel fabrication -
ROACH2 DAQ (HW, FW, SW) |
32 plx array 6mo measurement e
Full TES array fabrication I
HOLMES measurement L

HOLMES project status:

- TES array and DAQ ready

- ion implanter setting up Is in progress

- first "**Ho implantation coming shortly

- spectrum measurements will begin late in 2017

— 32 pixels for 1 month — m_sensitivity =10 eV

courtesy A. Nucciotti
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—— wwu HOLMES: timeline

MUNSTER

___Proiact Year 2015 2016 2017 2018
Task '®*Ho EC is being investigated by 52
Isotope produg ECHo, HOLMES, NUMECS
TES pixel desiq
lon implanter s Cryo-calorimetric multipixel detectors
Full implanted are a very interesting technology
ROACH2 DAQ — starts to become scalable
32 pix array 61
Ful TES array|  Otill many orders of magnitude to go for :
HOLMES mea required statistics and background ! -
HOL| Understand EC de-excitation spectrum ?
- TE! L Gerone
-ion| Systematics and show stoppers on the way? jay
- fi
_ ;;Sel — We should stay tunned !

— 32 pixels for 1 month — m_sensitivity =10 eV

Christian Weinheimer Absolute Neutrino Mass, TAUP 2017 29



—— WWU Can we go beyond or improve KATRIN ?

MONSTER Problems to be solved

1) The source is already opaque O

— need to increase size transversally
magnetic flux tube conservation

requests larger spectrometer too ol

but a @100m spectrometer is not feasible |

0.5 [t e

pdef/ Pdiree

0.4 F
max. starting angle
45° 60° 80°

0.2
Possible ways out: o e TS
[ working point
a) source inside detector (compare to 0v33) _ S
using cryogenic bolometers (ECHo, HOLMES, 0 5 10 15
NUMECS) column density pd [ 1017 molecules / cm?]

b) hand-over energy information of (§ electron
to other particle (radio photon),
which can escape tritium source (Project 8)

Christian Weinheimer Absolute Neutrino Mass, TAUP 2017 30



—_— WWU Project 8's goal: Measure coherent

MONSTER cyclotron radiation of tritium 3 electrons

General idea: B. Monreal and J. Formaggio, PRD 80 (2009) 051301
i\ i‘
/

e Source = KATRIN tritium source technology : “‘0 3‘2‘{ ‘

)\

uniform B field + low pressure T» gas

B electron radiates coherent ‘ ) m§— /-\ 3
cyclotron radiation R /7
Wy e E: ,/
&J(T) — v — K _+_ M. 15::m§— ‘;r__/.r
But tiny signal: P (18 keV, 6=90°, B=1T) = 1 fW 5“”:_ o

TA R T T F T T T g 79" 'i'é}aH' :
. . . . requency Fd
e Antenna array (interferometry) for cyclotron radiation detection
since cyclotron radiation
can leave the source and .
, _ _ B field——
carries out the information T ALAAALAA

of the p-electron energy

Christian Weinheimer Absolute Neutrino Mass, TAUP 2017 31



—_— — Project 8's phase 1:

MONSTEr detection single electrons from 33mKr
e D M. Asner et al., Phys. Rev. Lett. 114, 162501

o . s

790 20
g 788 Eg
ITI/\ {~ /\_Bfield § 7 £

. “Bathtub” Trap 780 5

778
0 i 2 2 4 5

Time (ms)

courtesy J. Formaggio, RGH Robertson
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—_— — Project 8's phase 1:

MONSTER detection single electrons from 33mKr

e D M. Asner et al., Phys. Rev. Lett. 114, 162501

792

790 20
o 5
< 788 2
~N =l
& 786 155
3 3
1 5
5mT E el 10 $
! T
|T|J \_i_/ \_Bfield § 7, 5
L w
. “Bathtub” Trap 780 5

0 1 2 3 4 5
Time (ms)
1.4 Naltural line wlidths: ‘1_84I &1.4 eV, (I)bserved IL'WHM 33 Ie\-"
Separation is 52.8 eV ~
1.2
§ 1.0 -
- ~.
E’ 0.8 Y -
506
c
=2
[=]
Y04
0.2
- - 1 0.0 bl At o S s VTR 1T i YA N M,
1 30.20 30.25 3030 3035 3040 3045 30.50
courtesy J. Formaggio, RGH Robertson Trock nitial Eneray Tkev]
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R Project 8's phase 2:
MUNSTER Measure tritium beta spectrum

“Tickler” port & short  Waveguide Trapping colls Gas Iinsert

courtesy J. Formaggio, RGH Rob&rtson'

v - | First detection of single electrons successfull
y ; — tritium spectroscopy should start in August
é . /’f'_/' : but still a lot of R&D necessary
_;j:i;—f:ff’ < ~ -final goal: atomic trltl.um source.
— o1 ; = | =ls a large scale experiment possible ?
i i e e e o= What are the systematic uncertainties
first tests with deuterium loading & other limitations? - (205) 1003

Pe“ n Thursd ay

. e talk by W. 90) 0
A. A. Esfahani et al. J. Phys. G 44 (2017) 5 see Guigue (
Christian Weinheimer & b\] N\ rino Mass, TAUP 2017 34



—— WWU Can we go beyond or improve KATRIN ?

MONSTER Problems to be solved
[

. 0.6
1) The source is already opaque : |
. . g - asymptotic maximum = 0.5 x pdy.,
— need to increase size transversally S Ty
magnetic flux tube conservation S oaf

max. starting angle

requests larger spectrometer too o3l 45° 60° 80°

but a @100m spectrometer is not feasible

0.2
Possible ways out: :

O = 51°

m
KATRIN 42 5x 1017

working poin

0.1

a) source inside detector (compare to 0v33) . S
using cryogenic bolometers (ECHo, HOLMES, ..) 0 5 10 15

column density pd [ 1017 molecules / cm?]
10

b) hand-over energy information of (§ electron

to other particle (radio photon), o

which can escape tritium source (Project 8) o | | |
c) make better use of the electrons _

by differential measurement instead of integral e NN
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— differential detector, e.g. cryobolometer array
(but 90mm diameter and multi Tesla field) (_, Factor 5 improvement in m_2 by TOF |

- te'me:f'illfcgtjsi:tm;mpy’ w.r.t. standard KATRIN in ideal case !
-g. by gging N. Steinbrink et al. NJP 15 (2013) 113020
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— WWU Conclusions

MUNSTER

]
Direct neutrino mass experiments: complementary to cosmological analyses and Ovff
can look also for sterile neutrinos (eV, keV) and other BSM

KATRIN: direct neutrino mass experiment with 200 meV sensitivity
- System is complete (except tritium loops and rear wall and calibration system):
1 light in October 2016, *™Kr calibration measurements in July 2017 successful

- Tritium data taking: start in 2018
KATRIN inauguration ceremony: June 11, 2018 (after Neutrino 2018 at Heidelberg)

Micro calorimeters experiments for '**Ho EC

ECHo: technology ready, ECHo-1k will start in August 2017, ECHo-10M planned
HOLMES: large progress: start data taking in 2018

NuMECS: similar technology

Project 8:
Spectroscopy of tritium p-deday by radio-detection of cyclotron radiation
#mKr measurements successful, first tritium R&D run in August 2017

Ptolemy:
R&D combining many leading technologies aiming to detect relic neutrinos:

cryo bolometer, MAC-E-Filter-technology, tritium bound to graphene, ...
Christian Weinheimer Absolute Neutrino Mass, TAUP 2017 36
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