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Three isotopes of hydrogen

Hydrogen (H) Deuterium (D)
(Protium)
stable stable
a p a C
i P Chemistry similar, I p
G But different mass
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Tritium 1s radioactive Q(IT

Karlsruhe Institute of Technology
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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 (/ 4 004/ (4
o Lethal Dose:
penetration in air ~ 6 mm T.~20|
penetration in metal < 0.1 mm 2

D o nlét 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¢é )

High reactivity (like hydrogen)
® Chemically very reactive
(giving / taking e")
® Strong interaction with metals
(solution, diffusio
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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, CT, DT, ... N, H.0. CH..
CO, Ny, H, ... é
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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

u License for 40 g of tritium
(° 1.5 A10%% Bq)

m 30 years of tritium experience

m Currently~50peopl e Aon board
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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Fundamental physics with the  Part 1:
heaviest isotope of hydrogen Test of bound-state QED

Magnus Schldsser, Tritium Laboratory Karlsruhe
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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 Acalculationi mean? AT

Karlsruhe Institute of Technology

| - R © T,
® Potential curve of diatomic hydrogen 0/
a DT o
09 1+ S
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) HT “w O
> Groundstate 1'Z, £9
s 104 3 &
: @ o 5
- Ke)
Ab initio energy: 5 &
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Q&
O35
: : : : : : : ‘ H,
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R/a.u.

oCal cul ationo means determining
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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 A 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 A 3]

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 3O of two photons k
3*0O 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
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Fundamental physics with the Part 2:
heaviest isotope of hydrogen Measurement of
Magnus Schlésser, Tritium Laboratory Karlsruhe neutrino mass
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Neutrino oscillation
A neutrinos have mass!

Moorebs Law of di rect ne'gl(lln

—

Mainz (2005, final result) Troitsk (2011, re-analysis)
m(3e) < 2.3 eV (95% CL) m(3e) < 2.05 eV (95% CL)
C. Kraus et al., EPJ C40:447 V. N. Aseev et al., PRD 84:112003

o
v z
o B ==
o 2z ~ @0
h o RN
28 I “
= v o . o

2 I o F previous limits (2 eV)

i+ \"\.

< 9 I I‘\ 3 ruled out as DM

1009 4 v o "y T
] a3 F c T
- .
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

B Direct, model-independent access to neutrino mass

2 _ 2.2 dN ,
tritium electron mg = D i [Ueil* m; — \/(EO - E)?- m%c“
anti-neutrino * dE '

. 10
\ / 9 [ —

‘ electron 808 5 |

o ; o 61

helium-3 "§ 0.6 ¢} ‘§ 4 [

= ; e |

S04 S,|

E, = 18.6 keV ©0.2} © ol

T,,=12.3 U '

w2 Y 000510 1520 3

Energy (keV)

KATRI N6s ai m: Mewith aseresitiveyrott 0.2 e\f/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
+ further inner excitations (rotation / vibration) A mo edependencer
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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 i 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, ...
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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/

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



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-field)

~ OT6 /////.—-r—)-..—av/////T
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Sharp high pass filter:

Transmission

”'l' i1

Ir ” i Ho

A gE<1eVat
18.6 keV

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

Karlsruhe Institute of Technology

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 O 37 parameters b
= w15t campaign
P mmm 2" campaign @ Excellent agreement iT A i
0 ; )0 Al W W
.;_E hh ‘ ‘ h of data to fit-model J A XI%
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

B 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

B Plasma characterisation
performed with strong
monoenergetic
83MKr source

Institute for Astroparticle Physics



Breakdown of systematic uncertainty

B 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

B Plasma characterisation
performed with strong
monoenergetic
83MKr source

BAOt her syste
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Best fit value for O h ﬂ(".

|““| ® Value from 37-free parameter best-fit
| _-..qlllll | IIIIIII.___ ,

7 o ] @ T 146 (90% cL)

T

18573.80F"

T
|

18573.75}

T

2 18573.70:

T

o ;
Y 18573.65]

T
|

18573.60¢f

O pUYULH® TBIAG6

2 2 .
m;, (eV?) In agreement with Q-value from
a( ( Adgx 4 mass measurements

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

40 29. March 2023 Magnus Schlésser i 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) a Td0A § 9 0CA )
1.0; [ 1 Lokhov-Tkachov First Campaign G péﬁ)'& q 9 0CA )
1 23 Feldman-Cousins _ .
1 N 12? S . +0.94 A\ /2 o]
0.8] ... mi=08ev? g o mumneenner S
r:; : my = 0.9 eV < 1l0:_ —_— EZ:;nez.:z-(:;.];;f‘:gaevz g
2 ] - Jos8k - -
~a 0.67 > = 2
£ | y - S06f S
S 0.4l o Boar 5
= ] I € 0.2[ O
¢"/ e § 0 O_ | e f i \ | E
0.27 " -6 -4 -2 0 2
0_0_ L A e L AL | = =
-1.0  -0.5 0.0 0.5 1.0 New limit from KATRIN

Measured m2 (eV?) 0 T[EﬂJA q 9 0CL )

Experimental sensitivity & Tix A §90% CL) Nt 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)
£os F' S O better control on ~2 month 83mKr
504l
5 source plasma 4@===m Measurement (10 GBq)
g /—/ O strongly reduced
go.z - _ plasma systematics
= . Shifting of filter plane
© G oduced 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 s A 0.13 counts s?

Anal ysi ddistdrted Aa 1 eaflially resolved spectra
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Peak into latest data ﬂ(“.

Karlsruhe Institute of Technology

B Fit parameters from 1757 spectral scans B AUn i fspectmafi
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A 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(".

Karlsruhe Institute of Technology
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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 -\X‘(IT
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