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Three isotopes of hydrogen

Hydrogen (H) Deuterium (D)
(Protium)
stable stable
m =1 m =2
s — 1 Chemistry similar, s=1
2

But different mass
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Tritium 1s radioactive Q(IT

Karlsruhe Institute of Technology
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tritium electron —1.0}
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004536 15 20
helium-3 Energy (keV)

u Half live: 12.3 year
® Max. decay energy: 18.6 keV

1 g tritium:

= 3.6 x 10*Bq =10 000 Ci
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Danger of the radioactivity ﬂ(".

External exposition Internal exposition

Inhalation

Ingestion

Incorporation via skin

or wounds
Max. decay energy: 18,6 keV H,0+ T, - HTO + HT
o Lethal Dose:
penetration in air ~ 6 mm T. ~20|
penetration in metal < 0.1 mm 2

Don't let tritium enter your body
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Some tritium properties

3 main forms (Q means H, D, or T)
® Molecular (Q,): gaseous, 6 isotopologues
® Oxidised (Q,0): water, 6 isotopologues
® Bound in molecules (CQ,, R-Q...)

High reactivity (like hydrogen)
® Chemically very reactive
(giving / taking e")
® Strong interaction with metals
(solution, diffusion, permeation...)

Thermodynamically
equilibrated

H, + T, & 2 HT
D, +T,& 2DT
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Radiometric dating of wine
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Fusion power using tritium Fusion reactor ITER

" P

T —
W® n

deuterium neutron

T~ 100 Mio. °C
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Fuel Cy Continous
operation

: Tritium G
| breeding

|

|

Tritium
storage

Without fuel cycle Isotope

no fusion separation

HD, HT, DT,
H,, D,, T,

T2D2He | Tritium
FeCOVEY ™= He, CO, CO
I ) ] 21
HTO, CT4’ DT, - N,, H,0, CH,,
CO, Ny, H, ...
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The Tritium Laboratory Karlsruhe ﬂ(".

Tritium Laboratory Karlsruhe (TLK)
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Commissioning 1993
® Licensed for 40 g Tritium

® Two missions:

Karlsruhe Institute of Technology ®  Fuel cycle for fusion reactors

Campus North ®  KATRIN Experiment
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The Tritium Laboratory Karlsruhe Q(IT

m Unique research facility

m able to setup and operate a large variety of experiments with tritium
(Astroparticle physics and fusion)

m Closed tritium loop for recycling
and purifying of tritium

m License for 40 g of tritium
(1.5-101%Bq)

m 30 years of tritium experience

m Currently ~50 people “on board” including
6 doctoral researchers and many students

m 21 persons necessary for TLK baseline operation

Ideal facility for high-activity tritium experiments

29. March 2023
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The Tritium Laboratory Karlsruhe Q(IT

m Unique research facility

m able to setup and operate a large variety of experiments with tritium
(Astroparticle physics and fusion)

m Closed tritium loop for recycling
and purifying of tritium

m License for 40 g of tritium
(1.5-101%Bq)

m 30 years of tritium experience

m Currently ~50 people “on board” including
6 doctoral researchers and many students

m 21 persons necessary for TLK baseline operation

Ideal facility for high-activity tritium experiments
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Safe tritium handling

Safety precautions to prevent harm to humans and environment
/ T, monitor (1)

—

Glovebox

—

T, monitor (II) /

Fully metal components Tritium retention system

Enclosure concept
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heaviest isotope of hydrogen Test of bound-state QED
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Simple systems of quantum electrodynamics ﬂ(".

o o”

Free electron Hydrogen molecular cation

(H,*, HD*, D,*, HT*, DT*, T,*)

0 )
o Hydrogen molecules
(H,, HD, D,, HT, DT, T,)

Rather simple systems
o Can be calculated to very high accuracy

Hydrogen atom (H, D, T)
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What does ,,calculation mean?

u Potential curve of diatomic hydrogen 0/

R
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”’Calculation” means determining the potential curve accurately
Institute for Astroparticle Physics
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Energy levels Q(IT

Karlsruhe Institute of Technology

Error in potential curve lead to errors in energy levels

5 1
;: a0l Groundstate 1'%
L
-1.1 4+ Energy_levels from_solvmg Validate fundamental theory
Schrodinger Equation Effects by new physics

l
2 4 6 8 1'0 12 14 e.g. Hollik, Linster, Tabet
R/ a.u. EPJ. C 80, 661 (2020)

Measuring energy levels = probing the potential curve
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Experimental tests ﬂ(“.

Exam p | e: Karlsruhe Institute of Technology
‘ ”I |I LaserLaB VU V Coherent-Anti-Stokes Raman-Spectroscopy
n

AMSTERDAM wavemeter -
pulsed Nd:YAG
@ calib. ref. i (532 nm) ’ }
Until recently: H,, HD, D, ,

[ cw ring pulsed dye

dye laser amplifier

Q\ “gK Tritium Laboratory (oo —
(

Karlsruhe -1 7]

ref. etalon
Now additionally: T,, DT, HT

Bring tritium cell
with <1 GBq
(exemption limit)

HeNe

—

............. - PB L2 T, cell L1

Trivikram, Schldsser, Ubachs, Salumbides,

PRL 120 163002 (2018)

Signal if AE of two photons =
AE of two molecular levels
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Benchmarking QED with hydrogen molecular ﬂ(l'l'
S p e Ct r O S C 0 p y Hyd ro g en Karlsruhe Institute of Technology

Isotopologue
T,: 3000 MHz (Veirs 1987)

T2 10 MHz TLK/VU PRL 120, 16002 (2018)
ot

10 MHz TLK/VU PRR 1, 033124 (2019)
T

10 MHz TLK/VU PCCP 22, 8973 (2020)
D2

HD  HD: 20 kHz: NICE-OHMS technique
TLK/VU 2020 PRA 105, 6 (2022)

H, April 23: 10 kHz for HT with

NICE-OHMS technique

19 29. March 2023 Magnus Schldsser — Fundamental Physics with the heaviest hydrogen isotope Institute for Astroparticle Physics



AT

Karlsruhe Institute of Technology

Fundamental physics with the Part 2:
heaviest isotope of hydrogen Measurement of
Magnus Schlésser, Tritium Laboratory Karlsruhe neutrino mass

tritium
n helium-3

R
¢ =W

e

\
/ electron

electron neutrino

KIT — The Research University in the Helmholtz Association www.Kit.edu



Moore’s Law of direct neutrlno mass searches ﬂ(".

Karlsruhe Institute of Technology

Neutrino oscillation
- neutrinos have mass!

Mainz (2005, final result) Troitsk (2011, re-analysis)
m(ve) < 2.3 eV (95% CL) m(ve) < 2.05 eV (95% CL)
C. Kraus et al., EPJ C40:447 V. N. Aseev et al., PRD 84:112003

YO

+—® Mainz

Daris/St.Pierre
Bergkvist

<
e
2 o F previous limits (2 eV)
o \"\.
< 9 I I‘\ v ruled out as DM
109 4 v oo N .
e I - T
5 “~
upcoming (KATRIN: 200 meV)
1950 1960 1970 1980 1990 2000 2010 2020 degeneracy scale
year ﬂ future approaches (40 meV)
hierarchy scale
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Tritium beta decay experiments ﬂ(".

Karlsruhe Institute of Technology

® Direct, model-independent access to neutrino mass

2 _ 2,2 dN
tritium electron mﬂ — Zz |U8%'| m; = & \/(Eo - E)2 - m§C4
. anti-neutrino ® dE i
10 F
\/ e F —_
‘ electron & 1 o 5 |
o I g O]
helium-3 ©06} [
-oE [ c A
E, = 18.6 keV ©0.2} © ol
T,,=12.3 SRR = '
w2 Y 000510 1520 3

Energy (keV)

KATRIN’s aim: Measurement of m, with a sensitivity of 0.2 eV/c?
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Molecular decay ﬂ(".

Karlsruhe Institute of Technology

Atomic decay Final-state distribution
tritium electron o
) . % . —— Doss .
. anti-neutrino oo E
0.015 =
e 2 2
/ E 0010 5
‘ electron £ 2
0.005 %‘
helium-3 E
0.000
Decay from a molecule o1 3 3 5 30 3 40

Excitation energy (eV)

r\ / Molecular effects need to be
. — ’. + T+ .\ taken into account in
1 neutrino mass analysis

1

+ further inner excitations (rotation / vibration) »model-dependence’
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Karlsruhe Tritium Neutrino Experiment (KATRIN) ﬂ(".

Karlerithe Inctitite of Technology

ultra-stable high-luminosity
windowless gaseous tritium
source (101 Bq) Electrostatic high pass filter

/Ii":! 2 ‘_.‘.““"'?“-v‘ Y‘;.’\\“\
L L W e

tritium electron
anti-neutrino ®

A

|

\J A‘,ﬁ"

T AT X vo.08.9, Vi s N Segmented
Tritium source rzr;s:q)girtngand \ ZSY"‘ PLLAAAS LA dztector
Rear wall and Main spectrometer 10F
electron gun
8
. . . = m,,=0 eV
high-resolution MAC-E filter ge J
with < 1 eV energy resolution 3 ~210"
0 1 1 1
-3 -2 -1 0
E-E, (V)
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The stable tritium source

‘ longitudinal source profile (approx.)

ONFT

—> T, molecules

—

w

i

'l E@%DIZJ analysis
¥

9
S

ém

pure T, | oo =
ISsotopic compaosition
measurement

Magnus Schlésser — Fundamental Physics with the heaviest hydrogen isotope
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B T, purity > 95%
® Source activity 10! Bq
® Source profile stable to 103 level

Hydrogen

iIsotopologues D, HD H,

® T, throughput ~ 40 g/day
B Operation 24/7, 60 days/run
® Necessary inventory >15¢g

Institute for Astroparticle Physics



Tritium supply ﬂ(".

Karlsruhe Institute of Technology

409 T,/ day

/Nz

KATRIN  5,/7 KATRIN
WGTS Loop
~_
98%
T, D,, He, |
HTO, CT, DT, ...
CO, Ny, H, ...

26 29. March 2023 Magnus Schldsser — Fundamental Physics with the heaviest hydrogen isotope Institute for Astroparticle Physics



Measurement principle analogy ﬂ(".

b Ein > Ue?

Mi'nig’oif_platz Herzogenaurach e- C 0 u n ter

Www.oblirsj_c;h-'p_'oel';l.de/minigolf/
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Working principle of KATRIN ﬂ(".

Electron
¢ Ts
¢ HeT"
. T in T, out Electrostatic high pass filter
> out T

R K

RN HANAAA

" Transport and Y / Segmented
Tritium source punF:ping \\ LA detector

Rear wall and Main spectrometer
electron gun /

Pitch angle » / A et

[3/(} / g Bmax =42T

— : % 458 Bana =63 x 1074 T
adiabatic colimation Cyclotron Field line direction
Bic =28T motion Artwork L. Koéllenberger
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High-resolution spectrometer:
MAC-E filter

Magnetic Adiabatic Collimation & Electrostatic Filter

Integrating electrostatic filter (E,;, > eU,) _
analysing plane

electrode A

Bmax
U

(momentum transformation without E-fiel% /T

#:EJ'/B /////.—-r—)-.-—av///
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Transmission

- AE<1leVat
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Sharp high pass filter:

18.6 keV

e.g. Kleesiek et al., EPJ. C 79, 204 (2019)

Institute for Astroparticle Physics



KATRIN experimental overview (data release) ﬂ(".

xloa 1L |1 11 L I L 11 11
1.0§ IIN Ilg gllg IIE llg IIE LR
g = % S == = = =
8 v v Z Z¥ v 7 v
= 0.8
v
(7]
= KNM1-5
c
T06l 5 > ~20% of all KATRIN data
‘» — o
c 2 00}
o _’H o

jul Oct Apr Oct

wpr | Oct
PRLLes BAl07 2019 2019 2020 2020 2021 2021

PRD, 104 (1), 01200 Nat. Phys. 18, 160-166 (2022)
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Probability

31

Ingredients for integral spectrum
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Probability Density (/0.5¢V)

Differential
spectrum

Experimental \
response ‘
(scattering,

transmission, ..) ’

Molecular final state
distribution

(+ artificial unknown smearing
until data unblinding)

Time (h)

Count rate (cps)

Residuals (o)

KIT
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Measurement time distribution

M

18550

B 1%t campaign
mm 2" campaign

18600 18650
Retarding energy (eV)

18700

101g

100+

} Spectrum 15t campaign
with 1 ¢ errorbars x 50

Spectrum 2" campaign
with 1 o errorbars x 50

KR

Integrated spectrum

L - —
T T

—.

T T T T T T

1924

0.0:.. ..' 'o..".-- . :
—2.54 « Uniform Stat. Stat. and syst.
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Measurement of key systematics ﬂ(".

Electrostatic high pass filter Analysing plane

U,(r) Uana(r) & ‘E[J:Ctron
& >HeT™

Transport and . 3/ ,&!o’.ofofl')t'."’.—‘ A Segmented
pumping - detector

A AL

Tritium source

Rear wall and

Main spectrometer
electron gun
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Measurement of key systematics ﬁ(".

Mono-en erg etic, Electrostatic high pass filter A”aIZSin? ;Jlane Bleciron
angular selective | i & e+
srcll © Kr83m
electron gun et
T, out Tain '
IR ‘:,‘:}Sé"\"
[ oaatit
T 7 Transport and a R V(S /W Segmented
Seapnond ritium source SIMping IS detector

Main spectrometer

electron gun

Determination of gas density and

energy losses
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Measurement of key systematics

Co-circulation of meta-stable Kr-83m

SKIT

Karlsruhe Institute of Technology

© o o r &
£ [=)] @ (=] N
Differential rate (cps/eV)

\
it
N}

0.0

Mono-en erg etic, Electrostatic high pass filter Analz/jsin? ;>Iane —
. U, ana o T,
angular selective | A o et
e © Kr83m
electron gun
T, out Tz in Te gt x1077
' 804, ¢ Wt N3 i ¢ Data
] i — Fitresult
1 Differential [
'g 60 spectrum
S | Mono-
5 £ 40| €nergetic
Tritium source Transport and A § conversion
Rear wall and pumping S 20/ €lectron
electron gun 1 IineS
Determlnatlon Of gaS dens'ty and 0 R ‘ - .
32132 32134 32136 32138 32140

energy losses

Retarding energy (eV)

hvs. 18. 160-166 (2022 VT G e T e Determination of source potential
e R e (absolute, broadening, shifts)
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Inference of parameters ﬂ(".

® Ring wise fitting

— + Ri_nﬁ wise spebctra (2" campaign) (allowing for radial effects
3 with 1o errorbars x 10 in source and spectrometer)
[} .
© Background 12 xendpoint
= 12 x signal normalization
-]
3 ! | 12 x background rate
{ i 1x neutrino mass
S — 37 parameters b
= w15t campaign
P mmm 2" campaign ® Excellent agreement .2
v _ ndof = 277/299
.;_E hh ‘ ‘ h of data to fit-model X/ /
0- : : :
18550 18600 18650 18700 m Consideration of systematic effects
Retarding energy (eV) Nat. Phys. 18, 160-166 (2022)
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Breakdown of systematic uncertainty

® Breakdown after 1%t of 5 years of KATRIN operation

poisson statstics I O.290

1 1 1 1 | 1 1 1 1 | 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30

1o uncertainty on m?2 (eV?)
Nat. Phys. 18, 160-166 (2022)
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Breakdown of systematic uncertainty

® Breakdown after 1%t of 5 years of KATRIN operation

Poisson statistics 0.290
Bg overdispersion 0.111
Bg penning trap 0.074 -

Bg qU dependence N 0.041 -

1 1 1 1 | 1 1 L 1 | 1 1 1 1 I 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30

1o uncertainty on m?2 (eV?)
Nat. Phys. 18, 160-166 (2022)
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® Background systematics
dominate

Institute for Astroparticle Physics



Breakdown of systematic uncertainty

® Breakdown after 15t of 5 years of KATRIN operation

Poisson statistics 0.290
Bg overdispersion 0.111
Bg penning trap 0.074
Plasma 0.066

Bg qU dependence N 0.041

1 1 1 1 | 1 1 L 1 | 1 1 1 1 I 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30

1o uncertainty on m?2 (eV?)
Nat. Phys. 18, 160-166 (2022)
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® Background systematics
dominate

® Plasma characterisation
performed with strong
monoenergetic
83MKr source
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Breakdown of systematic uncertainty

® Breakdown after 15t of 5 years of KATRIN operation

Poisson statistics 0.290

Bg overdispersion

Bg penning trap
Plasma
Bg qU dependence
Magnetic fields
Gas density || 0.013
Molecular states i 0.012
Rate fluctuations| 0.011
Energy loss|| 0.004

1 1 1 1 I 1 1 1 1 | 1 1 L 1 | 1 1 1 1 I 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30

1o uncertainty on m?2 (eV?)
Nat. Phys. 18, 160-166 (2022)
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® Background systematics
dominate

® Plasma characterisation
performed with strong
monoenergetic
83MKr source

u ,Other systematics”
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Best fit value for m?

18573.80F
18573.75}

3 18573.70;

[w]
" 18573.65

18573.60¢f

T T T T T T

T

m?2 (eV?)

Nat. Phys. 18, 160-166 (2022)
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® Value from 37-free parameter best-fit

m% = 0.26 + 0.34 eV (90% cL)

E, = 18573.69 + 0.03 eV

In agreement with Q-value from
m( *He): m(T) mass measurements

Magnus Schlésser — Fundamental Physics with the heaviest hydrogen isotope Institute for Astroparticle Physics



New upper limit

e ” .
® Frequentist limit construction New limit from 2" campaign

(Lokhov-Tkachov and Feldman-Cousins) m, <0.9¢eV(90% CL)
1 0] =1 Loknov-Tkachov First campaign m, < 1.1 eV (90% CL)
1 23 Feldman-Cousins o
_o0sl__msoser 300 omosmttier B
N> ] m,=<0.9 eV < 1l0:_ — Comb;ned.: +;?;;+0-33ev2 g
2 ] . Jos8k - -
~Na 0.6_ > E g
£ | y - > 06 &
S 0.4 S Soap 2
= ] I €o02F O
'// N § 0 O_ L 1 , , : - E
0.27 " -6 -4 -2 0 2
0_0_ L A e L AL | = =
1.0 =05 0.0 0.5 1.0 New limit from KATRIN

Measured m3 (eV?) m, < 0.8 eV (90% CL)

Experimental sensitivity m, < 0.7 eV (90% CL) Nat. Phys, 18, 160-166 (2022)
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KATRIN experimental overview (data release) ﬂ(“.

1.0%10%, sl I I 1— I
-g h¥s 5 E ¥4 b AV
208 KNM1-5
2 ~20% of all KATRIN data
(]
So6f 3 > /
2 — g Source temp. (30K — 80K)
g 0 - S — better control on ~2 month 83mKr
504l
5 source plasma 4@===m Measurement (10 GBq)
g /—/ — strongly reduced
go.z - _ plasma systematics
= . Shifting of filter plane
© o duced background by 50%
0.0 or "ot ' ot Apr ! Oct T May " Feb
2019 2019 2020 2020 2021 2021 2022 2023
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The background as main obstacle for sensitivity ﬂ(IT

Years of study of background

-t

Initial radioactive decay

Excited neutral atoms (Rydberg states)
lonization in spectrometer volume
Background electron at filter energy Eur. Phys. J. C 82, 258 (2022)

"""""
AT AT~
05

Background rate: 0.22 counts st - 0.13 counts s

Analysis ,plane” distorted - 14 radially resolved spectra
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Eo — (Eo,knmx) {€V)

Peak into latest data ﬂ(“.

Karlsruhe Institute of Technology

® Fit parameters from 1757 spectral scans a ,Uniform® spectra

KNM1 KNM2 KNM3a KNM3b KNM4 KNM5
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- 1259 data points (runs with shifted analysis plane have 14 individual patches)
and 136 free parameters
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Sensitivity of KNM1-5 data set ﬂ(".
Statistics /////////////////A

Systematics

. =\ Unblintihg March 2023,
Bg time dependence

Bg voltage dependence AC h | evements

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 ‘ - N T

Bg overdispersion

Analyzing plane fields ® Reduced backgrounds by improved field
Source el. potential ___ Settings
Gas density Planned improvements
Bsource ® Refine plasma characteristics
Energy loss KNM5 (KNM2) sim. ® Improved measurement of gas density
Reaj:; :\B/I"’é:sed on E g;ﬁ%j%flam ... both with new egun

S S o Rt e KAT_RII_\I sensitivity is still limited by
1o m2 uncertainty (eV?) statistics
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Evolution of neutrino mass measurements

m, (eV)
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) eV limit
+«—— KNM1-5 sensitivity
KATRIN goal
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How to go beyond the KATRIN aim? ﬂ(".

Beta decay More statistics
‘ Less background

® More tritium @ Avoiding of BG-sources

100

o ® More efficient m Mitigate BG source
— nverteda oraering . . . . .
3 detection ® Better discrimination
s - principle

102 : § .

Normal ordering 1 Better understanding of
g systematics
-3
0 102 102 10" 10° ® Avoiding of systematics
Lightest neutrino mass (eV) ® Migitation / measurement of systematics
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Improved measurement principle ﬂ(".

Karlsruhe Institute of Technology

20k Retarding voltage — Fit result | N
Integral measurement = :;i (scanned!) + Measurement _-ﬁ o e ouns
CL e
(hlgh pass filter) = 1250 e N -
Energy resolution T 100F ° i,
determined by filter Ee l
“ 50F 2]
- Detector ,only” counts O Jsb
- Reduced statistics X S S oo s s e
18460 18480 18500 18520 18540 18560 18580 18600
Retarding energy (eV) ol— - - - -
surplus energy E-qU (eV)
o oy 13-2X1:1806.00360v2 _
37 All energies  « e
; E at O n C eS 74 further b::kground
Differential measurement = 3 ‘1
i 5 s s
- Energy resolution 3 bao® 3
determined by detector or § N
time of flight g ]
e 2
=1 0 - - T
0 5k 10k 15k |20k .
Electron energy E in eV E,

[

surplus energy E-qU (eV)
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Conqguering new frontiers with new technology ﬂ(".

Karlsruhe Institute of Technology

Beta decay .
0| KATRIN(2022) ® Molecular tritium decay S 0015
' KATRIN(2025) r\ - S ooro-
4o | Future: Molecular T, ﬁ — o+ .\ %0.005_
> \Future: Atomic T z ]
~ /\ o -
s /& ® Theory dependence! B S B S
g o .
1072 _—/ N (CaICU|at|0n accuracy) Excitation energy / eV
Normal erdering S m Effective smearing of energy resolution (c~400 meV)
©
-3 E .
e 103 102 107" 100 Solution: _ ‘
Lightest neutrino mass (eV) Use atomic tritium
g i e rorbar e ® New detection methods
€ o0, b m Differential methods (MAC-ToF, Calorimetric, CRES)
5 L . ‘ (Higher resolution, reduced background)
U] ' ! .. .
10 3 % 100 ® More statistics, better control of systematics

Retarding energy — 18574 (eV)
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KATRIN and TLK as ideal R&D facilities ﬁ(".

Karlsruhe Institute of Technology

® Molecular effects - spectral broadening

Quantum detector
technology

a -«..-««._w.wz;,ﬁg.ﬁ;\f’ | eV resolutior)
RS ) “\‘»‘:”‘ for differential
: detection

® immune to
Rydberg-like
backgrounds

Atomic source | g ==
@ technology : gg?é?ilrzneeters‘%d

50 29. March 2023 Magnus Schldsser — Fundamental Physics with the heaviest hydrogen isotope Institute for Astroparticle Physics




KATRIN and TLK as ideal R&D facilities ﬁ(".

Karlsruhe Institute of Technology

® Molecular effects - spectral broadening

Quantum detector

AN O technology
. —> + ‘/+ g | 1 1
- - N IR ® eV resolution
V}?.‘i’f’iﬁ‘:ﬁ“‘\m a.n’.‘\\\ for differential
y, |
TN

detection

\ . @ immune to
‘M .’ofofb’.:’.o’.b’o”.l')f ' N Ryd berg-l ike
SIS backgrounds

Atomic source | e =
@ iechnology : ﬁgéfi'fneeters%
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Quantum sensors as high resolution ﬂ(IT

differential detectors
Advantages
Electron ® Energy resolution O(eV) compared to
/ Thermometer conventional detectors O(100 eV) incomin
B Absorber ® Nearly 100% quantum efficiency particle J

® Broad spectrum of possible applications

AR ETRRLEN Weak thermal link
absorber

A e.g. Metallic Magnetic Calorimeters (MMC)

1 ® Temperature-dependence in sensor
= C sensor magnetization
Sl E tot ® Read-out by SQUID W
=3 Ctot ® Energy resolution: }:{
2 - Current: AE < 2eV
Thath - Midterm: AE < 1eV SOUID
! > - Future: AE ~ 100 meV Q

Time Not yet tested with external electrons
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Karlsruhe Institute of Technology

Differential detector — Challenges SKIT

@ Concept of coupling quantum sensor detector array to a KATRIN-like infrastructure
® Type of quantum sensor
® Operation in magnetic field
® Coupling of mK cryo-platform with room temp spectrometer
® Large area detector and multiplexing
® Limits to energy resolution
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ELECTRON Project T FutUr®

Measure external electrons with MMC detectors
Cooperation of IAP, IAP-TLK with
world-leading expert Prof. Kempf (KIT-IMS)

® Electron-gun — Characterization of the detector-electron interplay
m 8mMKr source — Calibration of the detector response
® Tritium — Differential spectrum

Started in summer 2022
More details see Poster by N. Kovac¢

Characterisation Calibration Measurement
Cryostat source 1: e-gun source 2: 83MKr A _source 3: tritium
Ml‘9: Q tuneable 2 i
0.8K © «A—» © “ ©
130 5 e-source
mK  mK — _ _
300 K N\ energy || energy L energy
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KATRIN and TLK as ideal R&D facilities ﬁ(".

Karlsruhe Institute of Technology

® Molecular effects - spectral broadening

Quantum detector

P AN | technology

® eV resolution
for differential

detection
Jigm=t ® immune to
'-iy:/ SRR, L N Rydberg-like
S e backgrounds

Atomic source | g =
@ icchnology : gg?é?ilrzneeters%d
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Sensitivity on m, 90% CL (eV)

56

Sensitivity with atomic source
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¥ molecular tritium
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Resolution (eV)
By Svenja Heyns
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qU = 18520 eV \

Fitrange: E; — 30 eV I
CD @ 75%

m, = 0.00 eV I

stat. bg = 0.00 cps/eV I

]

'statistics only’
Scattering included

| —

Sensitivity limited by

molecular broadening
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Activity from an tritium source

SKIT

Karlsruhe Institute of Technology

Activity o« Tritium injection X flight path x velocity ~?

1000 -

Example leng

/?

Mean thermal velocity (m/s)

-
o

- T atom
—— T, molecule
0.01 0.1 1 10 100

Temperature (K)
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Flight time in the WGTS (s)

10°

107 4

10-2 E ]

117 A e————— e ——rrr
0.01 0.1 1

th KATRIN source ~ 10 m

RS

T atom
—— T, molecule

Temperature (K)

—— T ——
10 100

Needed:
highly efficient

atomic tritium
generation, cooling
and transportation
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SKIT

Atomic Tritium at Tritium Laboratory Karlsruhe — == %1%,

Molecular Atomic Atomic Atomic
tritium tritium tritium tritium
(hot, 2500 K) (cold) (trapped, injected)
Loss I Loss
Inline : ;s
reprocessing return T, + impurities
® KATRIN-like T, throughput (or above)

M— ® F&E on each step is required - LG &
procpessi?:g ® The efficiency of each processing step needs to be :
optimized (=» High total efficiency) 190 m?

Total glove box volume

Experimental & Infrastructure area 1600 m?

TLK is unique infrastructure for atomic source

development with partners Gloveboxes 20

58 29. March 2023 Magnus Schldsser — Fundamental Physics with the heaviest hydrogen isotope Institute for Astroparticle Physics



First stage: Tritium dissociation ﬂ(“.

%@Tetctra h-flux =

T,+energy > T+T @

u Different technologies exists and are employed in literature
® Photo-dissociation
® RF-discharge
® Thermal cracking (current method of choice; following P8 approaches)
Angular distribution of H

normalized intensity

Degree of dissociation of H»

1.0
- p, [mbar) 4.710° 0o 1 2 4 6 8 10 12
§ 081 T v T g T T T v T ]
3 2102
E o8
g e
= 0.4 0.26
r 02 1.4 Tschersich. J. Appl. Phys. \

]
0.0 : , r 87, 2565-2573 (2000). 30 44 0.26 0.02 0.0047
1800 2000 2200 2400 2600 H H = &
- Figures modified. 60 p, [mbar]

59 29. March 2023 Magnus Schlésser — Fundamental Physics with the heaviest hydrogen isotope Institute for Astroparticle Physics



Atomic hydrogen source Test Mk 1 (AHS1) S(IT

® Test setup in TLK ,,cold lab*

@ Concept
Hydrogen inlet —*. —

Heat'ia g
#‘

y 7
&

® Commercial
Tectra h-flux source

® Single chamber
design

®  standard®

il

v

S

S. Koch
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i%l

guadrupole
mass spectrometer

(QMS) B Cooling
= water
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Atomic hydrogen source Test Mk 2 (AHS2) Q(IT

® Avoid short-comings of AHS1.0 - multi-chamber, multi-skimmer, 2+ TMPs, ...
® Very modular (standard components, manipulators, ..)
® ToF option (short-term), nozzle cooling (mid-term), velocity selection (long-term)
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SKIT

Karlsruhe Institute of Technology

Towards first atomic tritium source at TLK
Configuration with O(59) tritium inventories

mptied ALTEX box

LAHS 1.5°

Preparation of glovebox integration for
first atomic tritium experiment ongoing
See Poster by Leonard Hasselmann
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Tritium
supply

Atomic
source

TLK
infra-
structure

loop

® Simple cracker-
based test
experiment

® Universal loop for
provision of 20

sccm flow (T,)
~ 20% of KATRIN

First experiments planned in 2024

Institute for Astroparticle Physics
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SKIT

Conquering new frontiers

® Model-independent measurement of m,  ® ,Holy grail* quest
Direct detection of relic neutrinos

KATRIN(2022)
100} L tritium
KATRIN(2025) e - Blg helium-3
~ | 3 el W
E o Future: Molecular T, / =
g’“ CLlErEe s rRuture: Atomic T : ¢ elet:tron neutrino
Uliirneris fuitra?
102 New technology needed!
Normal ordering =
= High-resolution Atomic tritium
a differential detectors sources

10°2 - . |
1074 1072 1072 107" 100 . e
Lightest neutrino mass (eV) Active within KCETA / KSETA

Institute for Astroparticle Physics
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KIT

risruhe Institute of Technology

30 years of TLK

atory Karlsruhe

® We invite KCETA/ KSETA LAt \Q\}n&(.
to join our festivities A K

k ,_;'/ 30 years

® More information on: N ok
https://www.iap.kit.edu/tlk/english/410.php | \i E

- Ei2E &
iap.kit.edu/tlk 3
k [Eli A
EEEE i \'
twitter.com/tritiumlab T 531 May 2023 o // .

, Eks -ceremoma‘ act
l@' instagram.com/tritiumlab

/

"

[ |

: osium on
- barbecue — symp
® T trmum science

e &
N ’,\ technology (hybrid)

.'
\[—.‘Q/

m and reg
dujtlk for more information about program
kit.edu

Visit iap. e
Location: KT, Campus North, FTU @

L gu|ded tours - 4th & 25% May 2023
sciencemastodon.com/@tritiumlab

\s ‘
istration

www.kit.edu
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Karlsruhe Institute of Technology

tritium electron
anti-neutrino *

tuniverse = 13.6 X 10%a ’\/

—_— Ll

tsolar =46 X 10%a ‘/ electron
helium-3
T1/2 =123 a

WHERE DOES THE TRITIUM COME
FROM?
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Gener ’rlnnlnncmm rav/ i

teractions ﬂ(".

Fartu:leﬂasnad S ® Production of T mainly in
Hadrons

oraton upper troposphere and lower
8 Mk stratosphere
1I0OQ@ Pions
@ Kaon

Leptons
=] Electron 14- 1 12 3
00 &EEE?H 7N + On — 6C + 1H
®  Neutrino

Photong

Gamma

Ray ® Yearly production ~ 200 g

Hadronic Shower

EM\JSZ;:Mer

Muons

Natural tritium content
3.5 kg
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T T
jan-65 jan-75 jan-85 jan95

tests KIT

Karlsruhe Institute of Technology

Atmospheric nuclear test
brought about 1.5 kg per
mton

Test were stopped after 1963

In 2007, there remained
around 40 kg

Nuclear bomb tritium

today (2019)
~ 20 kg
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Tritium (S|de) productlon In nuclear reactors ﬂ(".

® Tritium is produced in
ternary nuclear reaction in
the fission fuel

® Heavy water reactor (D,O

moderated)
,,,,,,,,,,,,,, 2 1 3
| iH+on—>31H+y
® Deuterium activation
1L - / ) ~ 100 g of tritium per year
o T per heavy water reactor

(600 MW class)

ATOMIC MASS
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