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Introduction & ß-spectroscopy 
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motivation: ńs in astroparticle physics  

cosmology: role of relic-ńs as hot dark matter  (Wn)  

particle physics: absolute neutrino mass scale (mn) 

ã Dm2  ~ mi 

 type I 

see-saw 

ã Dm2  << mi 

 type II 

see-saw 
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motivation: ńs in astroparticle physics  

cosmology: role of relic-ńs as hot dark matter  (Wn)  

particle physics: absolute neutrino mass scale (mn) 

tritium ß-decay 

n-oscillations 

dark matter 
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dark energy w = P / rc2 

degeneracy between mn and 

dark energy equation of state w  
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motivation: ńs in astroparticle physics  

cosmology: role of relic-ńs as hot dark matter  (Wn)  

particle physics: absolute neutrino mass scale (mn) 

Â idea: capture of relic neutrinos on  

             ß-unstabile isotope (3H, 187Re): 

ne + 3H Ÿ 3He + e-  

advantage: no threshold! 

CnB  

dipole 

calculated anisotropies of the  

CnB for mn = 10 meV  

(S. Hannestad, 2009) 

Â experimental challenges in case of 3H:   

    a) >106 KATRIN T2 target mass required  

        (~100 g), 24 g T2 are on site at TLK 

    b) resolution DE < 50 meV for 18.6 keV ß´s 

        would severely cut solid angle of source   

E0 + m(ne) 
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e.g. 



KIT-KCETA 10 Sep. 10, 2012 

motivation: ńs in astroparticle physics  

dark matter 

baryons 

stars 

gas 

dark energy 

Â idea: sterile ńs in the 1-10 keV mass regime 

             would constitute warm dark matter (WDM) 

         

CDM                                                                   WDM 

DM & dwarf statellites 

Â sterile neutrino ns would manifest itself as a 

    tiny kink (10-7-10-10) deep in the ß-spectrum 

    èneed reliable calculation of spectral shape   

cosmology: role of sterile ńs as warm dark matter 

                     (see talk by M. Lindner) 

m(ns) 

|Ues|
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ß-decay ï Fermi theory & n-mass 

Â ß-decay kinematics close to endpoint E0: model independent measurement  

    of m(ne), based solely on kinematic parameters & energy conservation 
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observable m2(ne): 

effective 

´electron-n-mass´ 

Fermi function F(E,Z) 

Â small modifications by final states, radiative & recoil corrections 
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ß-decay ï Fermi theory & n-mass 

Â ß-decay kinematics close to endpoint E0: model independent measurement  

    of m(ne), based solely on kinematic parameters & energy conservation 

electron energy [keV] 
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region close to E0 
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g = 104 

m(ne) = 1 eV 
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ß-decay ï Fermi theory & n-mass 

Â ß-decay kinematics close to endpoint E0: model independent measurement  

    of m(ne), based solely on kinematic parameters & energy conservation 
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only 2 Ā10-13 of all 

ß-decays in last 1 eV 

which isotope 

yields the highest 

ß-intensity & 

n-mass sensitivity? 
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ß-decay ï Fermi theory & n-mass 

Â ß-decay kinematics close to endpoint E0: model independent measurement  

    of m(ne), based solely on kinematic parameters & energy conservation 

ß-source requirements 

short half life t½ è high luminosity 

low endpoint energy E0 

superallowed/allowed transition 

simple atomic/molecular structure 

3H: super-allowed  

E0 18.6 keV 

t1/2 12.3 y 

187Re: unique 1st  

E0 2.47 keV 

t1/2 43.2 Gy 3H Ÿ 3He + e- + ne 

_ 
187Re Ÿ 187Os + e- + ne 

_ 

187Os 

187Re 
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ß-decay ï Fermi theory & n-mass 

Â ß-decay kinematics close to endpoint E0: model independent measurement  

    of m(ne), based solely on kinematic parameters & energy conservation 

which detector? 
ß-detection requirements 

large solid angle (~2p) 

low background rate 

high energy resolution (~eV) 

short dead time, no pile up 

calorimeter  

ß-source = detector 

ß-source: 187Re,163Ho 

spectrometer  

external ß-source 

ß-source: 3H 
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ß-spectroscopy 

calorimeters spectrometers  

source  metallic Re, dielectric AgReO4 high-purity molecular gaseous T2 

ß-energy arrays of crystal bolometers   MAC-E filter: electrostatic retardation 

activity low: <105 ß/s high: ~1011 ß/s 

response entire decay energy (longitudinal) kinetic energy of electrons  

interval entire ß-decay spectrum             very narrow interval close to E0  

method differential spectrum         integral spectrum (ToF mode possible) 

set-up modular, size can be upscaled integral design, spectrometer size limits  

resolution DE ~ few eV (FWHM) DE = 0.93 eV (100%) 

spectrometer & calorimeter techniques complementary (different systematics) 

Â experimental challenges, requirements and characteristics of 

    micro-bolometers and electrostatic spectrometers for high- 

    precision ß-spectrocopy  
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bolometric approaches:  

MARE 

PS-1, Wed. 18.00-18.20 Elena Ferri  Nu mass with 187-Re and 163-Ho in MARE 

G. Drexlin ï NOW 2012  
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bolometer experiments for 187Re 

187Re as ß-emitter: natural isotope content = 62.8 % 

5/2+ Ÿ 1/2- ´unique´ 1st forbidden  

transition (shape factor), BEFS  

Â 187Re-experiments (MANU, MIBETA, MARE) 

187Re: unique 1st  

E0 2.47 keV 

t1/2 43.2 Gy 

dielectric AgReO4 crystal 

MIBETA: 

10 crystals 

epoxy 

glue 

source = 

detector 
X-ray- 

calibration source 

thermistor 

Al-bonding wires 

heat bath  

Âprevious 187Re-experiments MANU, MIBETA 

    MANU:   metallic Rhenium                  group in Genova 

    MIBETA: dielectric AgReO4 crystals group in Milano 

measure entire  

ß-decay energy 
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bolometer experiments 

187Re as ß-emitter: natural isotope content = 62.8 % 

Â 187Re-experiments (MANU, MIBETA, MARE) 

187Re: unique 1st  

E0 2.47 keV 

t1/2 43.2 Gy 

Âprevious 187Re-experiments MANU, MIBETA 

    MANU:   metallic Rhenium                  group in Genova 

    MIBETA: dielectric AgReO4 crystals group in Milano 

6.2·106  187Re ß-decays: 

m(n) < 15 eV    (2004)  

- analysis of 187Re-Kurie plot 

- several months of measuring time 

energy [keV] 

5/2+ Ÿ 1/2- ´unique´ 1st forbidden  

transition (shape factor), BEFS  
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MARE experiment 

Â Microcalorimeter Arrays for a Rhenium Experiment 

Â general strategy to increase sensitivity to sub-eV regime: 

    - deploy large arrays of cryogenic micro-bolometers 

      up-scaling of source intensity with 1 mg Re å 1 decay/s 

    - avoid pulse pile-up: develop faster detectors 

    - develop multiplexed read-out technologies 

    - improve energy resolution to 1 eV-level 

- set-up small bolometer array: n-mass sensitivity m(ne) ~ few eV 

- test & select different isotopes (163Ho-EC/187Re-ß-decay)  

  and read-out/sensor techniques (TES, Si-thermistor, MMC, é) 

MARE-I 

MARE-II 

- full set-up, large bolometer array with 104-105 pixels  

- aim for statistical n-mass sensitivity m(ne) ~ 0.1-0.2 eV 

~ 1014 ß-decays 

~ 109-1010 ß-decays 

G. Drexlin ï NOW 2012  
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MARE experiment: phase-I 

Genova Milano-Bicocca 

- 6x6 arrays of AgReO4 crystals 

  (up to 8 arrays can be 

   housed in cryostat) 

- m = 0.5 mg è 0.27 Bq    

- readout: Si-implanted 

  thermistors 

- DE  ~ 25 eV 

- trise ~ 250 µs  

m(ne) ~ 3-4 eV 

- metallic Re absorbers, up to 300  

- m = (0.2-0.3) g è ~0.25 Bq  

- TES sensors (Ir-Au bi-layer), 

  multiplexed SQUID read-out 

- DE  ~ 11 eV 

- trise ~ 160 µs  

m(ne) ~ 2 eV 
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KATRIN ï design & status 
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Troitsk & Mainz experiments 

Troitsk experiment 

Â windowless gaseous tritium source 
Â 2011 re-analysis of selected    

    data from 1994-2004: no  

    evidence for Troitsk anomaly 
22 )68.189.167.0()( eVm e °°-=n

eVm e 05.2)( <n

V.N. Aseev et al., Phys. Rev. D 84 (2011) 112003 

Mainz experiment 

Â quench condensed tritium source  
Â 2004 final analysis of Mainz   

    phase II data from 1998-2001: 

    analysis of last 70 eV 
22 )1.22.26.0()( eVm e °°-=n

eVm e 3.2)( <n

C. Kraus et al., Eur. Phys. J. C 40 (2005) 447 
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KATRIN experiment 

electrostatic spectrometers & detector tritium-bearing components 

KArlsruhe TRItium Neutrino experiment 

- a large-scale, next-generation direct neutrino mass experiment  

- currently being installed at Tritium Laboratory Karlsruhe at KIT 

- push spectrometer technology to limits, sensitivity m(ne) = 200 meV 

G. Drexlin ï NOW 2012  
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KATRIN experiment - overview 

è 10-3 stability of tritium source column density rd (T, pin)  

è on-line & in-situ measurement (10-3) of isotope content in source   

è retention factor of flux of molecular tritium R > 1014 

è effective removal of ions R = 108 

è fully adiabatic (meV-scale) transport of electrons over > 50 m 

è avoid particle storage in Penning traps, UHV in spectrometer 

è precise monitoring of HV on ppm-scale 

tritium source: 1011 ß-decays/s  total background: 10-2 cps  

electrostatic spectrometers & detector tritium-bearing components 

experimental challenges 

G. Drexlin ï NOW 2012  
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PS-1 Wed. 18.20-18.40 Ernst Otten  

Electrostatic filter potential at KATRIN 
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tritium source 

magnetic field & electrostatic potential 
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tritium source 

 Â KATRIN tritium throughput per year is equivalent to ITER fusion facility 

    tritium source is operated as closed cycle:  

    thoughput of 40 kg/year  

TLK ï a unique research facility 

G. Drexlin ï NOW 2012  



KIT-KCETA 29 Sep. 10, 2012 

tritium source: loop system 

TLK ï a unique research facility 

û û 
û 

pin 

û 

 Â 10-4 stability for pin achieved 

     in test set-up 
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tritium source: loop system 

û 
pin 

 Â Laser-Raman spectroscopy: 10-3 in 60 s 

S. Fischer et al., 
Fus. Sci. & Techn., 60 (2011) 925-930 
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Â WGTS 

    - a molecular tritium source of 

      highest luminosity 

      highest stability 

WGTS ï windowless gaseous tritium source 

         WGTS                design value     precision 

luminosity 1.7 Ĭ 1011 Bq 

injection rate 5 Ĭ 1019 mol/s ± 0.1 % 

column density rd 5 Ĭ 1017 mol/cm2 ± 0.1 % 

tritium purity > 95% ± 0.1 % 

magnetic field 3.6 T ± 2% 

G. Drexlin ï NOW 2012  
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Â WGTS 

WGTS ï windowless gaseous tritium source 

one of the world´s most complex cryostats: 

tritium ï  cryo ï magnet issues 

12 cryogenic circuits 

6 cryogenic fluids 

- instrumentation:  

~ 500 sensors for  

temperature (4 ï 600 K),  

B-field, pressure,  

gas flow, liquid levels 

G. Drexlin ï NOW 2012  
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WGTS ï demonstrator 

Â objectives of measurements 

    - demonstrate feasibility of 

      novel 2-phase (LNe/GNe)  

      beam tube cooling system 

    - WGTS-BT requirements:  

      a) operation at TBT = 28-32 K  

      b) DT = Ñ 30 mK   

          - stability (1h)  

          - homogeneity (10 m) 
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WGTS ï demonstrator 

Â objectives of measurements 

    - demonstrate feasibility of 

      novel 2-phase (LNe/GNe)  

      beam tube cooling system 

    - WGTS-BT requirements:  

      a) operation at TBT = 28-32 K  

      b) DT = Ñ 30 mK   

          - stability (1h)  

          - homogeneity (10 m) 
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WGTS ï demonstrator 

stainless steel 

beam tube 

Ø=90mm 

2-phase 

Neon 

2-phase 

Neon 
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WGTS ï demonstrator 

06:00        07:00       08:00        09:00      10:00 

4h measurement 

KATRIN specification 

vapour pressure sensor 

noise band width < 0.2 mK 
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tritium bearing components tritium free  

Â tritium flow rate out of the WGTS has to be reduced by factor > 1014   

tritium retention techniques 
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tritium retention techniques 

Â differential pumping section DPS 

    active pumping by TMPs 

    reduction R = 2.5 Ā 104 achieved @RT   

DPS 

CPS 

Â cryogenic pumping section CPS 

    cryosorption on Ar-frost 

Â tritium flow rate out of the WGTS has to be reduced by factor > 1014   
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