. /Z,&{:"h, 5 '-.\\\ N
../'§6 t“ ; / % |

'}";/ . .";/%I//-/ // P
‘Direct Neutrino Mags M

/ -, §
l"




Neutrino mass

Upper bound
from direct measurements

meV eV keV MeV GeV TeV
L 5
= T t
o 3 - <—> V3 ° -
e ] b
o] :
— :
Q :
= ; C
O 2 e L2 e S -
S S
Q :
= e d
CS H
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S 1 -1 -3
S F1L PRIZE IN PHYSIC ; : ;
2015 NOBR P50 g, i R S S S S SR
: g y
(= =1 0.001 1 1000 1x 108 1 x 10° 1 x 102
Mass m [eV]
Takaaki Kajita an
Dona
Arthur B. MCIOTC Lower bound
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from oscillation experiments
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Neutrino mass

Cosmology

E:Zmi

| —— normal ordering
| —— inverted ordering

100':

2 (eV)

1071 4

1072 107t 10°

m; (eV)

10°3
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mpgg (eV)

Neutrinoless BB decay

mgg = | > _ UZm|
7

B-decay kinematics

mg = \/ZIUEAW?

10° E

Y/ KATRIN

10 \

1073

102
m; (eV)

107!

102 101 10°
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General idea

e

v Independent of cosmology

v’ Independent of neutrino nature

Susanne Mertens

0.6
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0.2

0

entire
spectrum
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2 6 10 14 18

electron energy E [keV]
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mz(ve) = Elueilz . mlz
[

region close to 8 end point

m(ve) =0 eV

only 2 x 10°3 of all
decays In last 1 eV




The challenge

Key requirements:

* Strong 3-decaying source
e Tritium (12.3 years, E; = 18.6 keV)

* Holmium (4500 years, E, = 2.8 keV) region close to {8 end point
: 0.8
* Excellent energy resolution (~ 1 eV) = |
« Low backeround (< 100 m 1 entire S 06 |
ow background (< 100 mcps) : spectrum g | Only 102 of
06 3 0.4 all decays in
) 02 | last 1 eV
0.2 0
0 . -3

2 6 10 14 18
electron energy E [keV]
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Experimental efforts

counting

Electrostatic B ove
filter (MAC-E) threshold

frequency heat

Cyclotron

L. Phonons
Radiation

Susanne Mertens



- KATRIN++
Experimental efforts KATRIN (Tritium)
(Tritium)
Holmes

QTNM Electrostatic Plieley (Holmium)

(ream) filter (MAC-E) .}iq
Project-8 ' X
(Tritium) ™ “‘.

ECHo
(Holmium)
[
Cyclf)tron Phonons
Radiation
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Experimental efforts KATRIN

(Tritium)

Electrostatic
filter (MAC-E)

{ Cyclotron

Ph
Radiation onons }
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Working Principle =

Tritium source Spectrometer Detector
Gaseous T, * Electrostatic filter e Si-PIN detector
1011 T, decays/s * MAC-E filter principle * Rate vs filter voltage

70m

Susanne Mertens 10



Working Principle

Forward Beam Monitor:
Activity monitoring @ 0.1%/min

Magnetic field
sensor system

Elect : 4 SETETRNR.
ectron gun TR, “\3,‘6(}:‘0‘??\1\
OO RGN

Determination of — SR
gas density ”l’}%}(““\‘-- ~
””\\ .
Finy
L[ LeLle :_\

100 T T
X >
c 0l M | Gaseous krypton:
5] 51;‘/ .
% 6ol > | EM field
£ ol | calibration High Voltage System:
a . & i HV monitoring @ ppm-level
é 20 F\ZX r\\i‘;
; | |
05 10 15 20 25 30 35
Energy [keV]
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Measurement strategy

Integral spectrum

ﬁ-scans; B-decay background
Lol - spectrum : region
* Scan points: 30 HV set points
~ 3=
e Scaninterval: E,—-40eV,E,+130eV 2 i'o
&) He o]
. ~ P C
* Scan time: 3 hours o X
ch 100 - :
1] ] | | |
AT JHHE JHf T 01 l
W H“ @A 40
= £<
g 227 llllll] ]
) - :
—'n'}'—l EEEEEEEs: ‘;:*7'< 2 ollllllllllll 111 - : :
o | 18540 18560 18580 18600 18620
Retarding energy (eV)
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Analysis strategy

* Fit of theoretical prediction: I'(qU) o« A - ffl‘; D(E;m?%Ey) - R(qU,E) dE + B

r(qU) (cps)

18550 18560 18570 18580
qu (eV)

D(E) (cps eV™1)

Theory

Fermi function
Molecular final states

Eo

18570 18571 18572 18573 18574 18575
E (eV)

R(qU, E)

Experiment

Spectrometer transmission
Energy losses in the source

0 20 Iy 60 80
E—qU (eV)

* Free parameters: m2 + E, B, A + nuisance parameters (constrained via calibrations)

e Blinded analysis: 1. independent analysis teams, 2. MC twin data, 3. model blinding

Susanne Mertens
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KATRIN Data Taking Overview

cumulative electrons in
40-eV analysis window (x 10°)

KNM3
KNM4 [

T

Apr 2019 Oct 2019 Jul 2020 Oct 2020

e 15 m, campaign

* m,<1lleV

PRL. 123, 221802 (2019)
Phys. Rev. D 104, 012005 (2021)

2"d' m, campaign

m, < 0.8 eV

Nat. Phys. 18, 160—166 (2022)

Susanne Mertens

/ ji2 2 weeks ago
f 100 Mio electrons

KATRIN preliminary

1t to 5t campaigns
Unblinded,

will be released soon

o
O M~ 0 —
= = = =
= = = =
A4 4 A4 A4
Apr 2021 Oct 2021 May 2022  Feb 2023  Apr 2023 Sep 2023
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15t and 2" campaign

Count rate (cps)

' Spectrum 15t campaign
with 1 o0 errorbars x 50

| Spectrum 2" campaign
with 1 o errorbars x 50

¢
1

——

Susanne Mertens

5 .
0 .
©
-]
o ]
$ =257 « Uniform Stat. Stat. and syst.
m ] v T ’ ' ' v T ' ' ! v T
— 1c) 15 campaign
£ 501 g P g
o _ B 29 campaign
£ 251 ‘
=il ] |

O—_ | — T T T T T

0 50 100

Retarding energy — 18574 (eV)

PHYSICAL
REVIEW
NS

First campaign:

* total statistics: 2 million events
* best fit: m?2 = (—1.0*}7) eV?(stat. dom.)
e limit: m, <1.1eV(90% CL)

PRL. 123, 221802 (2019)
Phys. Rev. D 104, 012005 (2021)

Second campaign:

* total statistics: 4 million events

* best fit: m?2 = (0.26133%)eV?(stat. dom.)
e limit: m, < 0.9 eV (90% CL)

Nat. Phys. 18, 160166 (2022)

e Combined result: m, < 0.8 eV (90% CL)

15



15t and 2" campaign

Count rate (cps)

Spec
with

with

trum 15t campaign
1o errorbars x 50

Spectrum 2" campaign

1 o errorbars x 50

¢
1

——

Susanne Mertens

Ol :
L0 3 .
© U7
3 4
o ]
o —2.57 « Uniform Stat. Stat. and syst.
o _' T T T T T T T T T T T T
— 1c) 15 campaign
£ 501 g P g
o 1 B 29 campaign
£  25- ‘

O—_ T T T T J T T T T y

0 50 100

Retarding energy — 18574 (eV)

v’ Search for relic big-bang neutrinos
Phys. Rev. Lett. 129, 011806 (2022)

v’ Search for violation of Lorentz

invariance
Phys. Rev. D 107, 082005 (2023)

v’ Search for light sterile neutrinos

Phys. Rev. Lett. 126, 091803 (2021)
Phys. Rev. D 105, 072004 (2022)

3L0 “llene ger

rate (cps)

enpoint (eV)

rate (cps)

18568 18572 18576
E (eV)

time (d)

18568 18572 18576
E (eV)
16



Improvements: 2" vs 5" campaign

L. 1004~ m < n — >
statistics 7777777 ™k /%
S E
systematics 5X 751 / T / g
5z z
0.00 0.05 0.10 0.15 0.20 0.25 0.30 :;3; 50 ; / 5
Bg overdispersion - % 3& 25 / // o
= ) : 2 g
Source el. potential - £ 0l— % _— : : > : : - ———
@ Apr 2019 Oct 2019 Jul 2020 Oct 2020 Apr 2021 Oct 2021 May 2022 Feb 2023  Apr 2023 Sep 2023
Bg time dependence - ;
o
Bg voltage dependence =
Ny
Bsrc
Analyzing plane fields 2019 2021
Gas density
Molecular final states - KNM5 (KNM2) sim.
e B background-related
Energy loss -
source-related
B .
e B el.-mag. fields
Rear wall
0.00 0.02 0.04 0.06 0.08 0.10 0.12
1-0 m2 uncertainty (eV?)
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Improvements: 2" vs 5" campaign

H////////////////////// Shifted analzing plane
systematics Lokhov et al arXiv:2201.11743 (2022)

0.00 0.05 0.10 0.15 0.20 0.25 0.30

- Elimination of penning trap
Bg overdispersion 1 S Eur. Phys. J. C 80: 821, 2020
Source el. potential _ E
Bg time dependence ; High-statistics krypton calibration
Bg voltage dependence J. Sentkerestiova et al, JINST 13 (2018)

BSFC

Analyzing plane fields

Improved evaluation
of theoretical
uncertainties

Gas density

Molecular final states

Energy loss

Bmax

Rear wall

-~ -~
________

0.00 0.02 0.04 0.06 0.08
1-0 m2 uncertainty (eV?)
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Improvements: 2" vs 5" campaign

statistics :W/////////////////////%

Shifted analzing plane
Lokhov et al arXiv:2201.11743 (2022)

0.00 0.05

0.10 0.15 0.20 0.25 0.30

Bg overdispersion -

Source el. potential _

Bg time dependence -

Bg voltage dependence
BSFC
Analyzing plane fields

Gas density

Molecular final states
Energy loss

Bmax

Rear wall

Elimination of penning trap
Eur. Phys. J. C 80: 821, 2020

High-statistics krypton calibration
J. Sentkerestiova et al, JINST 13 (2018)

liminary

Improved evaluation
of theoretical
uncertainties

R\

\/ AL RPRN
i

7 0 ¥

gl b

0.00 0.02

Susanne Mertens

-
AAAAAAAAA

0.04 0.06 0.08
1-0 m2 uncertainty (eV?)
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;’40 ko 4 *esinger
Ugust 76 Ygusy
3 Poster p

Upcoming KATRIN results

0.5 | * Upcoming result (this year):
< oo | *_lggt_u_rg_lv_h_y_s;_1_8_(_2_0_2_2_) _________________ * Based on first five campaigns
> | « Statistics x 6, Systematics + 3
€ -0.5- * Sensitivity better than
* Paper (almost) ready for submission
—-1.0 4 ® Phys. Rev. Lett. 123 (2019)
1.6 - ' ' ' i * Final result:
1 ® upper limit (90% CL) .
1 o o forecast (90% CL) * Based on 1000 days of data taking
—~ 0.8 o (completed end of 2025)
> . epe .
2 * Sensitivity better than
& 04
KATRIN final i
0.2 - T - T . T '
0 100 200 1000

Measurement days
Susanne Mertens
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KATRIN timeline

neutrino - 2026- 2027: keV-sterile neutrinos (TRISTAN)

* Precision measurement of the entire tritium spectrum

* Installation of ~1000-pixel Silicon Drift Detector
(108 counts / sec)

NIM A 1049 (2023) 168046
NIM A 1025 (2022) 166102

J. Phys. G48 (2020) | /;; : :
J. Phys. G46 (2019) ////// TN
- e

- =

=




Going beyond KATRIN

« KATRIN final: < 0.3 eV (90% CL)

100 - : Distinguish between degenerate
: KATRIN : and hierarchical scenario
1,
Vi~ Vo~ Vs
I
%_, 10_1': :
£ O !
I
I
-2 | NO .
1077 5 |
' I
N
103 1072 10°1 10°

m; (eV)
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Going beyond KATRIN

« KATRIN final: < 0.3 eV (90% CL)
Distinguish between degenerate

100 -
: I and hierarchical scenario
V2
A% .
'  New technologies: < 0.05 eV
S ) New Cover inverted ordering
Q 107" 4 technologies
@ 110
e
10-24NO
103 100

m; (eV)

Susanne Mierens

23



Going beyond KATRIN

10° —
Preliminary Stat only
... 10 eV region
TR 1000 days
S I O 2 In /
o ‘e, t@g
o~ T ra/
N A .
oy _1 ....... ]el/’ b
< 101 m...,....é.’.eo'ol
© \.\.\ ........ f’?f}‘.
> 10 ~. Fogg, e
O L /7/\4:02 ....... .
~— 7: '~ v, be
> dto . €510
- » dlffer .\.\. 'OS/GI/)
= _5 ef?t/'a/ "~
= 1074, (FWHM ~.
n =7 :
C NO 8 2 el/, bg\ \.\.
()] = = 10-s b J
0 o Ps/ey,)
£ =
2
A4
1073 L . . . .
1019 1020 1021 1022 1023

number of T atoms (at constant density)

Susanne Mertens

v’ Better use of statistics
v’ Lower background

e Atomic tritium

v’ Avoid broadening (~ 1 eV)
v’ Avoid limiting systematics of T,

Relative probability

10

| Atomic T

T2
e =
@gié
e
] ] ] ]
10 -8 -6 -4 -2 0 2

Relative Extrapolated Endpoint (eV)
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. KATRIN++
Experimental efforts (Tritium)
Holmes
QTNM Electrostatic Plieley (Holmium)
(Tritium) filter (MAC-E) .}iq
Project-8 ' X
(Tritium) ™ “‘.

ECHo
(Holmium)
[
Cyclf)tron Phonons
Radiation

Susanne Mertens
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KATRIN++

Experimental efforts (Tritium)

R&D launched:
v atomic tritium source concepts
v' application of microcalorimeters (MMC) to keV B-electrons

Leverage unique infrastructures: Electrostatic
v Tritium Laboratory Karlsruhe filter (MAC-E)

v KATRIN beamline

{ Cyclotron

L. Phonons
Radiation ]

Susanne Mertens 26



Experimental efforts

(QTNM) { Electrostatic
Tritium

filter (MAC-E)

|

Project-8
(Tritium)

’f.-,._:\
;\‘

Susanne Mertens

Cyclotron
Radiation

Phonons }
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Working principle

Cyclotron Radiation Emission Spectroscopy (CRES)
B. Monreal and Joe Formaggio, Phys. Rev D 80:051301

Wy eB

wly) = y E+m,

Tritium trap

5
\Q »

Magnetic
trap
« -
¢ © -
- = ‘)‘
Oj S

28



Working principle

Advantages:

v’ (sub)-eV-scale differential measurement

v' no electron beamline

Magnetic
Challenges: trap

Sub-eV energy resolution
— B-field homogeneity at the 107-level

High statistics (~10'° T-atoms for < 0.04 eV sensi)
— large volume (~m?3) atomic tritium trap B

fg"?
4/1/ Antenna

Detection of femto - zetta Watt radiation

Susanne Mertens 29



Experiments

Project-8 OEgp—  amw 0 TNM

e Cold tritium atom trap + resonant cavity e Storage ring confinement

* New effort, conceptual stage

r N Prifs |

vy IR beriawe

e wansea

WARWIGK i

OF i \!(I
% S B\ I
o o\ Karlsruher Institut far Technologie
& )z

W V)

o\ (/]

2O

-~ -
soeeettLLLLLC M
S 2 =

Pacific Northwest

NNNNN NAL LABORATORY

H/D/T Confinement
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Project 8 - Event 0

— : 7 e 1.0
Project 8 = = ¢
24.79F - = Al 0.8 ¢
- ' = o s s 0.7 8
5 24787F e o 06
* Achievements: 9 = M o5 ¢
v’ Proof of CRES concept e e — N &
D.M. Asner et al., Phys. Rev. Lett. 114, 162501 (2015) - e — % 1033
v First neutrino mass limit: m < 185 eV (90% Cl.) BIpZ e e e 1 |92
arXiv:2212.05048 (2022) @/ = |{01"
20778 R e e ey -
0.079 0.08 0.082 0.084 0.085
Time [s]
* Next steps / challenges: :
. A 175_— T Eirtt;?:i?teist intervals
* large-volume (m3) cavity resonator | 1 ” 200 1 st
. .y 150 —~ 1502
* develop atomic tritium source ] 3 s
(atoms stored in magneto-gravitational trap) . £ o
€ 100 ~
g 3 ] ~2002
. LN © 75 _ §  Tritium data T T
* Ultlmate goal: — 50 . -- Bayesian best fit 182?1?1p0int (19?200
': 10 Bayesian quantiles
e Cover inverted ordering: 40 meV sensitivity 25] T Looawents pestt ;
arXiv:2203.07349 (2022) HH E 10 Bayesian credible interval
0 - H  Ep 10 frequentist confidence interval :
v " 16500 17000 17500 18000 18500 19000 19500
Waveguide Reconstructed kinetic energy (eV)
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Project 8

* Achievements:

v’ Proof of CRES concept
D.M. Asner et al., Phys. Rev. Lett. 114, 162501 (2015)

v’ First neutrino mass limit: m ,< 185 eV (90% Cl.)
arXiv:2212.05048 (2022)

* Next steps / challenges:
* large-volume (m3) cavity resonator

e develop atomic tritium source
(atoms stored in magneto-gravitational trap)

e Ultimate goal:

* Cover inverted ordering: 40 meV sensitivity
arXiv:2203.07349 (2022)

Susanne Mertens

Pinch coil ———>

Halbach array —

W ot

Cavity

Injection line \

Atomic source
(not shown)
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Project 8

* Achievements:

v’ Proof of CRES concept
D.M. Asner et al., Phys. Rev. Lett. 114, 162501 (2015)

v’ First neutrino mass limit: m ,< 185 eV (90% Cl.)
arXiv:2212.05048 (2022)

* Next steps / challenges:
* large-volume (m3) cavity resonator

* develop atomic tritium source
(atoms stored in magneto-gravitational trap)

e Ultimate goal:

e Cover inverted ordering: 40 meV sensitivity
arXiv:2203.07349 (2022)

Susanne Mertens 33



QTNM: Quantum Technology for Neutrino Mass

H/D/T atom supersonic beam

e Current effort: discharge source (30 K)
* Key technology demonstration: Magnetic .
e.g. H-storage, B-field mapping, —— state selector If;{fg“igﬁn
CRES with quantum limited —— ‘—\‘ o0
micro-wave electronics \ -
. u Beam Ring™
 Mid-term future: characterisation characterisation

* Demonstrator (CRESDA) at
tritium facility (strong
engagement with Culham, UK)

180° permanent magnet

_ hexapole guide

CRES region (66 Halbach arrays)

Susanne Mertens



Experimental efforts

Electrostatic
filter (MAC-E)

|

Cyclotron
Radiation

Susanne Mertens

Phonons }

Holmes
(Holmium)

£

ECHo
(Holmium)
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Working principle

Low-temperature micro-calorimetry with holmium
A. De Rujula and M. Lusignoli, Phys. Lett. 118B (1982)

163Ho + e - 1%3Dy* 4+ v,

163Dy* N 163Dy_|_ EC

2
10

[y
o
-

Differential decay rate (a.u.)

T T T T

S

1 1 1

0.0 0.5

Susanne Mertens

1.0 1.5 2.0 2.5 3.0 %93
Energy (keV)

20 15 10 -.63__ 0.0 Thermal bath

Energy below endpoint (eV)
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Working principle

Advantages:

v eV-scale differential measurement

S

v’ source = detector” concept

Challenges:

* eV-resolution ,
— operation at low temperature (mK) { ?

. X-rays
— small pixels (um-scale) N —
N -
* High statistics (> 1013 decays for eV sensitivity) e‘%ugfra 5
electrons o

— high as possible activity per pixel (10 Bq) -
— many (> 10000) pixels -
— multiplexed read-out

Thermal bath

Susanne Mertens
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Experiments

ECHo EC® ) HoLmES HC"%L M Es

* metallic magnetic calorimeters (MMC) * transition edge sensors (TES)
L. Gastaldo et al. Eur. Phys. J. Spec. Top. 226 (2017) J Low Temp Phys 184, 492—-497 (2016)

BE

i B BEE EE BS BE BE BE BE B

B8 BEA m

/4
NEUTRONS
FOR SCIENCE

EBERHARD KARLS

10 mm UNIVERSITAT
TUBINGEN
-
‘ 5 " L‘ [ 4 & DEGLISTUDI
J G|U ) \\\\\ 2 \NY7 B
HEIDELBERG . S P (B
sonannes GUTENBERG ZUKUNFT \\\ X#% | St.Petersburg 2 z
UNIVERSITAT Mz SEIT1386 R S ; University BICOCCA
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ECHo

 Achievements

v’ Prototype: nu-mass limit: m < 150 eV (95% C.L.)

EPJ-C 79 1026 (2019)

v ECHo-1k: completed (108 counts)
~1 Bq/pixel — 60 pixels = <10 eV FWHM — 20 eV sensitivity

EPI-C 81, 963 (2021)

v  ECHo-100k: excellent performance demonstrated
~10 Bqg/pixel — 12000 pixels = 5 eV FWHM — 2 eV sensitivity

NIMA, 1055, 2023, 168564

* Next steps/challenges

* Scaling to more activity and pixels

e Ultimate goal:

e 10 MBq (= 10° pixels) — low sub-eV sensitivity

Susanne Mertens

Counts/5 eV

TUTI

10 T T T T |
N

: — Lorentzian broadening

10*l O — Mahan broadening _]
— Experiment

10° | "
10° I
10' |- "
10° -

Absorber

Ag host material

Energy/keV

60 pixel,
each about 1 Bq

Bl ﬁ "3

) ii
CICEICOICEICCIECICEIEEIEL
HEE SN e S 0E BE BE 8 5

IS FE NS SR EE EEEE B

Tosoelosaa HH’EH COICTIE

a/FEs
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£ p

39



29 Ay

ECHo R

* Achievements B data NEG pixel
v’ Prototype: nu-mass limit: m < 150 eV (95% C.L.) 800 | — Mt Epwm =2.9220.04 €V |
EPJ-C 79 1026 (2019)
v ECHo-1k: completed
~1 Bg/pixel — 60 pixels = <10 eV FWHM — 20 eV sensitivity % 600 | i
EPJ-C 81, 963 (2021) —
v' ECHo-100k: excellent performance demonstrated N
~10 Bg/pixel = 12000 pixels = 5 eV FWHM — 2 eV sensitivity 2
NIMA, 1055, 2023, 168564 g 400 N
o
* Next steps/challenges ©
* Scaling to more activity and pixels 200 | .
e Ultimate goal:
e 10 MBq (= 10° pixels) — low sub-eV sensitivity 0 o -
5860 5880 5900 5920

energy / eV

Susanne Mertens
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Run 3, measurement 1 AEFWHM T eV
I At ~16h
H O ‘ I I l e S = No calibration source
>
2102 N2 M2
« Approach: .
* Maximize activity per pixel (if possible) o |
_) reduce number Of pixels 0 500 1000 Eneiz;)}()[ev] 2000 2500 3000
* Achievements mﬁ;ﬁmﬁ‘ﬁ—ﬁﬁa%—‘ mamnRRnRn Ry 2fiﬁ——fﬁ%ﬁfﬁéﬁﬁiir
v’ Mid June 2023:  socdERGEEEE %@
First detector array finalized | & ER|R Yiooo

v’ First holmium spectra measured
(A) = 0.5 Bqg, AEryyyy = 7 €V @6keV

* Next steps:

f;;
LLLL
* Scaling to more activity and pixels

64 pixel detector
0.5 Bq average activity/pixel
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Experimental efforts

e Science goal:

Search for Big Bang neutrinos
arXiv:1307.4738 [astro-ph.IM]

e Sensitivity to neutrino mass of

m, < 10 meV
JCAP 07 (2019) 047

* Combine beyond-the-state-of-

the-art technologies
PPNP 106, 2019, 120-131

Cyclotron
Radiation

Susanne Mertens

|

Electrostatic
filter (MAC-E)

|

s 7

Ptolemy
(Tritium)

Phonons J
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Summary

KATRIN (integral)
* Leading neutrino mass limit (m, < 0.8 eV) from direct measurements
* Upcoming data release this year: sensitivity better than 0.5 eV

* Final goal: sensitivity better than 0.3 eV

Cyclotron Radiation Emission Spectroscopy (differential): Project-8 & QTNM
* First neutrino mass limit m, < 150 eV (Project-8)

* Next step: Scaling up to large-volume traps, develop atomic tritium source

Microcalorimeter (differential): ECHo & Holmes & KATRIN++
* First neutrino mass limit m, < 150 eV (ECHo) and m, < 10 eV is in reach

* Next step : Scaling-up to high-activity and large number of detectors

Susanne Mertens

Absorber

material
47 M host

163HO
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