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Motivation: Motivation: ´́ss in in AstroparticleAstroparticle PhysicsPhysics
cosmology: role of ´s as hot dark matter?
particle physics:origin and hierarchy of the -mass?
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Methods to determine the neutrino mass scale

• Cosmology
effect of neutrinos on structure formation

• Search for 0 decays
decay only possible for massive Majorana neutrinos

• Direct neutrino mass detection: 
No further assumptions needed (E2 = p2c2 + m2c4    m2()) 

Ti f fli ht t ( f ) Time-of-flight measurements ( from supernova) 
SN1987a  m(e) < 5.7 eV (PDG 2006) 

 Kinematics of weak decays (-decay search for me)

 tritium -decay spectrometers 

 187Re -decay bolometers

 search for other low-Q isotopes ?
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Cosmology and neutrino massgy

• massive neutrinos contribute to hot dark matter 
ff f f• kinematic effect of HDM on structure formation 

• sensitive to total energy density of neutrinos (mi)
• different models using various sets of parameters and data
• minimal CDM plus m : mj < 0.4 eV (CMB + LSS)
• current bounds:  0.3 eV  mj  2 eV S. Hannestad: arXiv:1007.0658v2
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Cosmology and neutrino massgy

Future probes of neutrino mass:
l d hift (BOSS HETDEX WFMOS )• new galaxy redshift surveys (BOSS, HETDEX, WFMOS,…)

• weak lensing surveys
CMB: PLANCK satellite (launched: 14 May 2009)• CMB: PLANCK satellite (launched: 14.May 2009)

• Lyman- forest measurements (BOSS)
• cluster surveys• cluster surveys
• 21 cm measurements

Expected sensitivity:
• short term (5-7 y): 0 1 eV  mj  0 6 eVshort term (5 7 y):   0.1 eV  mj  0.6 eV
• long term (7-15 y): 0.05 eV  mj  0.4 eV
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Neutrino-less double--decay and neutrino mass y

2 d d i d bl d

O. Cremonesi: arXiv: 1002.1437v1

• 2 decay modes in double--decay:
 normal (22)

 eZAZA 22)2()(  


 allowed by standard model
 continuous energy spectrum

eeZAZA 22)2,(),( 

 has been observed (t ~ 10-19 – 10-21 y)
 neutrinoless (02)

 ZAZA 2)2,(),( 
 needs massive Majorana neutrinos
 energy peak at endpoint

25

eZAZA 2)2,(),( 

  > 1025 y
 violation of total lepton number conservation
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Neutrino-less double--decay and neutrino mass y

• Measurement: decay rate
2200

0
2/1

1



 mMG

T


 phase space integral
(exactly calculable)
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0G
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 nuclear matrix element 
(wide range of different calculations)

0M
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 effective neutrino mass with Majorana phases 
(cancellation of mass terms possible)
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Neutrino-less double--decay and neutrino mass y

accuracy limited by nuclear matrix element calculation
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Neutrino-less double--decay and neutrino mass y

• Current results:
H id lb M k (76G ) Heidelberg-Moskau (76Ge)
 KHDH analysis: T1/2 = 2.23 x 1025 y,   m = 0.32 eV (6)

H. V. Klapdor-Kleingrothaus and I. V. Krivoshein, Mod. Phys. Let. A, Vol. 21, No. 20 (2006) 1547p g , y , , ( )

 IGEX (76Ge) T1/2 > 1.57 x 1025 y,   m < 0.33 – 1.35 eV
 Cuoricino (130Te) T1/2 > 3.0 x 1025 y,    m < 0.19 – 0.68 eV
 NEMO 3

 159Nd T1/2 > 1.8 x 1022 y,    m < 4.0 – 6.3 eV
100M T 2 1022 0 19 0 68 V 100Mo T1/2 > 2.7 x 1022 y,    m < 0.19 – 0.68 eV

 116Cd, 82Se, 96Zr, 48Ca and 130Te

• positive signal can also come from physics beyond the SM
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Neutrino-less double--decay and neutrino mass y

• Current results:
H id lb M k (76G ) Heidelberg-Moskau (76Ge)

 KHDH analysis:  
 T = 2 23 x 1025 y (6) T1/2 = 2.23 x 1025 y (6)
 m = 0.32 ± 0.03 eV

 physics beyond the SM ?physics beyond the SM ?
 right-handed weak parameters:

 <η> = 3.05 ± 0.26 x 10-9

 <λ> = 6.92 ± 0.58 x 10-7

• 02 only provides upper limit on neutrino mass

H. V. Klapdor-Kleingrothaus and I. V. Krivoshein, 
Mod. Phys. Let. A, Vol. 21, No. 20 (2006) 1547
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Neutrino-less double--decay and neutrino mass

KIT - Institute of Experimental Nuclear Physics11 J. Wolf: Absolute neutrino mass measurement              NuFact 2010, Mumbai / India22.10.2010

slide from A. Giuliani: NOW2010



Neutrino-less double--decay and neutrino mass
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Standard β-decay and neutrino mass
kinetickinetic measurementmeasurement ofof thethe effectiveeffective neutrinoneutrino massmass

β y

Fermi’s golden rule:
E W Otten and C Weinheimer 2008 Rep. Prog. Phys. 71 086201
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Fermi s golden rule:
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If the energy resolution is much larger than mIf the energy resolution is much larger than m
we see only an effective neutrino mass m :
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measurement: look for missing energy close to the endpoint
• high energy resolution

KIT - Institute of Experimental Nuclear Physics14

• high activity



Standard β-decay and neutrino mass
kinetickinetic measurementmeasurement ofof thethe effectiveeffective neutrinoneutrino massmass

β y

Fermi’s golden rule:
E W Otten and C Weinheimer 2008 Rep. Prog. Phys. 71 086201

22
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Fermi s golden rule:

Low Q value necessary

00 dE e

Low Q value necessary
Tritium as β-emitter:
• high specific activity (t1/2=12.3a)
• endpoint energy E =18 6 keV

Tritium

• endpoint energy E0=18.6 keV
• super allowed transition
Rhenium as -emitter:

l ti it (t 4 3 1010 )• low spec. activity (t1/2=4.3·1010a) 
• endpoint energy E0=2.47 keV
• uniquely forbidden transition
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Measurement of the β-spectrum
Micro-calorimeter (187Re)

energy measured by cryogenicenergy measured by cryogenic
bolometer

-source = detector

measures entire β-decay energy

energy resolution ≈ 5 –10 eV (FWHM)

full count rate (pile-up !)

many small detectors needed
7event fraction in last 10 eV: 1.3·10-7

present sensitivity: 15 eV

l d iti it I 2 Vplanned sensitivity I: 2 eV

planned sensitivity II: 0.2 eV

MAREKATRIN
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MMagneticagnetic AAdiabaticdiabatic CCollimation +ollimation + EElectrostaticlectrostatic FilterFilter
PrinciplePrinciple ofof thethe MACMAC--EE--FilterFilter
MMagnetic agnetic AAdiabatic diabatic CCollimation + ollimation + EElectrostatic lectrostatic FilterFilter

(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345)(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345)

 Two supercond. solenoidsTwo supercond. solenoids Two supercond. solenoidsTwo supercond. solenoids
compose magneticcompose magnetic
guiding fieldguiding field

El t (TEl t (T )) Electron source (TElectron source (T22) ) 
in left solenoidin left solenoid
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MMagneticagnetic AAdiabaticdiabatic CCollimation +ollimation + EElectrostaticlectrostatic FilterFilter
PrinciplePrinciple ofof thethe MACMAC--EE--FilterFilter

 Two supercond. solenoidsTwo supercond. solenoids

MMagnetic agnetic AAdiabatic diabatic CCollimation + ollimation + EElectrostatic lectrostatic FilterFilter
(A. Picard et al., Nucl. Instr. Meth. (A. Picard et al., Nucl. Instr. Meth. 63 63 ((19921992) ) 345345))

 Two supercond. solenoidsTwo supercond. solenoids
compose magneticcompose magnetic
guiding fieldguiding field

El t (TEl t (T )) Electron source (TElectron source (T22) ) 
in left solenoidin left solenoid

 ee-- in forward direction:in forward direction:
magnetically guidedmagnetically guided

 adiabatic transformation:adiabatic transformation:
 = E= E /B = const/B = const = E= E/B = const./B = const.

 parallel eparallel e-- beambeam
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MMagneticagnetic AAdiabaticdiabatic CCollimation +ollimation + EElectrostaticlectrostatic FilterFilter
PrinciplePrinciple ofof thethe MACMAC--EE--FilterFilter

 TwoTwo supercondsupercond.. solenoidssolenoids

MMagnetic agnetic AAdiabatic diabatic CCollimation + ollimation + EElectrostatic lectrostatic FilterFilter
(A. Picard et al., Nucl. Instr. Meth. (A. Picard et al., Nucl. Instr. Meth. 63 63 ((19921992) ) 345345))

 TwoTwo supercondsupercond. . solenoidssolenoids
composecompose magneticmagnetic
guidingguiding fieldfield

El tEl t (T(T )) ElectronElectron sourcesource (T(T22) ) 
in in leftleft solenoidsolenoid

 ee-- in in forwardforward directiondirection::
magneticallymagnetically guidedguided

 adiabaticadiabatic transformationtransformation::
 = E= E /B =/B = constconst = E= E/B = /B = constconst..

 parallel eparallel e-- beambeam

 EnergyEnergy analysisanalysis byby
electrostatelectrostat. . retardingretarding fieldfield
E = E = EEBBminmin//BBmaxmax = = EEAAs,effs,eff//AAanalyseanalyse

MainzMainz  44 88 eVeV; KATRIN =; KATRIN = 00 9393 eVeV
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Mainz Mainz  44..8 8 eVeV; KATRIN = ; KATRIN = 00..93 93 eVeV
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The KATRIN experimentThe KATRIN experiment

CollaborationCollaboration
• 130130 scientistsscientists130 130 scientistsscientists
•• 5 countries5 countries
•• 14 14 institutionsinstitutions

Experimental objective:Experimental objective:
•• modelmodel--independent neutrino massindependent neutrino mass
•• sensitivity: 0.2 eV/c²sensitivity: 0.2 eV/c²
•• source: gaseous tritium (ßsource: gaseous tritium (ß--decay)decay)
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source: gaseous tritium (ßsource: gaseous tritium (ß decay)decay)
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The KATRIN Setup

high precision energy electronelectronsourcesource reflection of lowreflection of lowelectron transportstable tritiumstable tritium

source & transport section         |   spectrometer & detector section

main spectrometer

high precision energy 
analysis of electrons

detector

electronelectron
countercounter

rear

sourcesource
monitoringmonitoring

pre-spectrometer

reflection of low reflection of low 
energy electronsenergy electrons

diff. pumping

electron transport
tritium retention

stable tritium stable tritium 
column densitycolumn density

source (WGTS) 

ee--ee--ee--ee--

TritiumTritium
ββ-- decaydecay

e

1011 e- /s 1 e- /s

ee

103 e- /s

ee

5·1010 e- /s

eeee

33HH
33HeHe 33HeHe

33HeHe
33HH

33HH

10-11 mbar
-18,4 kV

3×10-3 mbar
1 kV

10-11 mbar
-18,574 kV
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~70 m
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Windowless Gaseous Tritium Source WGTSWindowless Gaseous Tritium Source WGTS

Cu Tritium
Kr

KATRIN requirement:

conzept:

beam tube KATRIN requirement:
T = 27 K with ∆T < 30 mK

conzept:
2-Phasen Neon
(sied. Flüssigkeit)

Control system designed
for 10-4 level.

on-site 04/2010on-site 04/2010

Demonstrator:
2 phase
Neon

heaterss.c.
Helium
vessel

Demonstrator:
on-site since April 2010
tests until Fall 2010

pgrade to WGTS
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Transport & Pumping SectionsTransport & Pumping Sections

T2DPS2DPS2--FF CPSCPS

ß´s

ß´s Argon Frost PumpArgon Frost PumpArgon Frost PumpArgon Frost Pump

stainless steel

ß´

T2

active pumping, 4 TMPs pumping by cryo-sorption

g pg p
T = 3 T = 3 –– 4.5 K4.5 K
g pg p
T = 3 T = 3 –– 4.5 K4.5 Kß s

p p g,
Tritium retention 105

magnetic field: 5.6 T
on site since 08/2009 commissioning ongoing

p p g y y p
Tritium retention >107

magnetic field: 5.6 T
on schedule: delivery 2011
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on-site since 08/2009, commissioning ongoing on schedule: delivery 2011
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Arrival of the main spectrometer
after a voyage of 8800 km around Europe

340 km

25 11 200625 11 2006 8800 km
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25.11.200625.11.2006 8800 km
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Status of the main spectrometer

• successfull bake-out (350°C) and vacuum tests
• inner electrode system being prepared for installation

• 23440 individual wires in 248 frames (University Münster)• 23440 individual wires in 248 frames (University Münster)
• Helmholtz coils with 12.6 m diameter installed
• first electromagnetic tests planned in 2011
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Main DetectorMain Detector

Si-PIN diode
detection of transmitted β decay electrons (mHz to kHz)
low background for T2 endpoint investigationg 2 p g
high energy resolution ∆E ≈ 1 keV
12 rings with 30° segmentation + 4-fold center = 148 pixels

minimize bg, investigate systematic effectsg, g y
compensate field inhomogeneities
of spectrometer’s analyzing plane.

Installation at KIT:
Jan May 2011

KIT - Institute of Experimental Nuclear Physics34

Jan. - May 2011
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KATRIN sensitivity and discovery potential

sensitivity (90% CL)
( ) 0 2 V

discovery potential

m() < 0.2 eV

SpectrometerSpectrometer y p
m() = 0.35 eV (5)

begin of measurements

SpectrometerSpectrometer
 = = 1010mm

begin of measurements
2011 (test runs with spectrometer)

201
 = 7m= 7m

201x (full system integration)

final results after 5-6 years

KATRIN Design Report 2004
http://bibliothek fzk de/zb/berichte/FZKA7090 pdf
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http://bibliothek.fzk.de/zb/berichte/FZKA7090.pdf
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Recent developments in -spectroscopyp  p py

• Sterile neutrinos not disfavoured by cosmology
i ht b b KATRIN might be seen by KATRIN
 if mass of s is large enough (for instance LSND neutrinos)
 mixing with is large enough Riis Hannestad: arXiv: 1008 1495

Hamann et al.: arXiv: 1006.5276

 mixing with    is large enough

• New ideas
 Project 8: measures E via cyclotron radiation

e Riis, Hannestad: arXiv: 1008.1495

Project 8: measures E via cyclotron radiation

 search for ultra-low Q value isotopes Kopp, Merle: arXiv: 0911.3329v2

Monreal, Formaggio, Phys. Rev. D80, 051301(R) (2009)

Q p
 decay in excited daughter states
 partial ionization of parent isotope

pp,

 radioactive ions in storage ring
 ultra-cold atoms in trap (E, p, prec) 

Lindroos et al.: arXiv: 0904.1089

Jerkins et al.: arXiv: 0901.3111v4

KIT - Institute of Experimental Nuclear Physics36

 direct mass difference and heat 
J. Wolf: Absolute neutrino mass measurement              NuFact 2010, Mumbai / India22.10.2010

Matsuzaki et al.: arXiv: 0908.4163v3



Conclusions

• Three methods to determine the neutrino mass
 cosmology (LSS, CMB, BBN)

 currently most sensitive probe to m

 model dependent 
 no access to source (relic neutrinos, other HDM non-SM particles ?)( , p )
 next generation:  mj < 0.1 eV (0.05 eV)

 20
 very sensitivevery sensitive
 model dependent (nuclear matrix element, non-SM couplings ?)
 next generation:  m = |Uej|2 ei mj < 0.1 eV (0.05 eV)

 decay -decay
 sensitivity reached limit, new ideas needed
 not model dependent (kinematics)

t ti (|U |2 2)1/2 < 0 2 V (0 1 V ?) next generation: m = (|Uej|2 mj
2)1/2 < 0.2 eV (0.1 eV ?)

• methods complement one another (mj , m , m)
• next decade should become very interesting for m

KIT - Institute of Experimental Nuclear Physics37

next decade should become very interesting for m
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Discussion
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Absolute neutrino massAbsolute neutrino mass

e ?

Results of recent oscillation experiments:  Results of recent oscillation experiments:  2323, , 1212, , mm22
2323, , mm22

1212

1
1 2 3

0.1degenerated massesdegenerated masses

0.01

accessible to accessible to --experimentsexperiments
cosmologically relevant: cosmologically relevant: 

HDMHDM

0.001m2
23

relic neutrinos:
336  / cm3  

hierarchical masseshierarchical masses

•• HDMHDM
•• large scale structure formationlarge scale structure formation

m2
12

hierarchical masseshierarchical masses
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Absolute neutrino massAbsolute neutrino mass

e ?

Results of recent oscillation experiments:  Results of recent oscillation experiments:  2323, , 1212, , mm22
2323, , mm22

1212

1
1 2 3

0.1degenerated massesdegenerated masses

0.01
m2

12

accessible to accessible to --experimentsexperiments
cosmologically relevant: cosmologically relevant: 

HDMHDM

0.001

12

m2
23

relic neutrinos:
336  / cm3  

hierarchical masseshierarchical masses

•• HDMHDM
•• large scale structure formationlarge scale structure formation

23hierarchical masseshierarchical masses
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Double  decay
l (2 ) t i l (0 )E normal (2)                    neutrinoless (0) E



needed:needed: a)a)  (Majorana)           (Majorana)           
b) helicity flip: m(b) helicity flip: m())  00

Z-1    Z   Z+1
b) helicity flip: m(b) helicity flip: m() )  00

or other new physicsor other new physics

Heidelberg Moscow
(enriched 76Ge) 
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Current and future double  decay experiments

mmeeee  ((11/enrichment)/enrichment)11//22  ((E E bg/M bg/M  tt))11//44

mass mass →→11t,  high enrichment,  very low background t,  high enrichment,  very low background bgbg

2 ways to measure both 2 ways to measure both --electrons: electrons: 

semiconductor orsemiconductor orsemiconductor orsemiconductor or
cryogenic bolometercryogenic bolometer tracking calorimetertracking calorimeter


sourcesource

== 

detectordetector

sourcesource


detectordetector





sourcesource

detectordetector

running: running: CUORICINOCUORICINO
setting up:setting up: GERDA, CUORE, EXOGERDA, CUORE, EXO--200200

running: running: NEMONEMO--33
setting up:setting up: SuperNEMOSuperNEMO

KIT - Institute of Experimental Nuclear Physics43

g pg p , ,, ,
planned: planned: Majorana, EXO, COBRA, ...Majorana, EXO, COBRA, ...

g pg p pp
planned: planned: MOONMOON
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GERDA GERDA experimentexperiment
MPIKMPIK, MPI Munich, , MPI Munich, TübingenTübingen, Dresden + groups from Italy, Russia, Poland, Switzerland, Dresden + groups from Italy, Russia, Poland, Switzerland

New background reduction methods:New background reduction methods:
-- naked Germanium detectors in noble liquidnaked Germanium detectors in noble liquid
-- segmented detectors to identify segmented detectors to identify 

inner

g yg y
multimulti--side eventsside events

-- identify escaping identify escaping 
Compton photonsCompton photonsinner 

copper
shield

enriched 76Ge

Compton photons Compton photons 
by scintillation light by scintillation light 
in in LArLAr

 e-
LAr

Ge

liquid argon

enriched Ge 
detector array 3 3 Phases of GERDAPhases of GERDA

Phase Phase 11: : reuse old detectors of reuse old detectors of HdHd--MoscowMoscow
and IGEXand IGEX

 e

stainless steel
cryostat

and IGEX and IGEX 
Phase Phase 22:: new segmented detectors (new segmented detectors (40 40 kg)kg)
Phase Phase 33: : many more detectors (many more detectors (500 500 kg) kg) 

(t th ith MAJORANA(t th ith MAJORANA ))(together with MAJORANA(together with MAJORANA--exp.)exp.)
Status:Status:
cryostat delivery nowcryostat delivery now

KIT - Institute of Experimental Nuclear Physics44

start of GERDA phase start of GERDA phase 1 1 in in 20102010
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MicrocalorimetersMicrocalorimeters and spectrometersand spectrometers
2 0 2 V

1990 1995 2000 2005 2010 201520 eV
2 eV 0.2 eV

MAINZ 2.2 eV20-10 eV

TROITZK

electrostatic

KATRIN
2.2 eVmagnetic

slide from

Spectrometers

electrostatic
spectrometers

magnetic
spectrometers

A. Guliani, 2008

Spectrometers

Calorimeters 26 V

Sandro Vitale
1985
187Re

MANU26 eV

15 eV
MARE-1         MARE-2

187Re

20 eV 2 eV 0.2 eV

MIBETA
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1990 1995 2000 2005 2010 2015
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MIBETA (Milano/Como) experiment: the detectors

Energy absorbersEnergy absorbers
 AgReOAgReO44 single crystalssingle crystals
 187187Re activityRe activity  00..5454 Hz/mgHz/mg

ThermistorsThermistors
 SiSi--implanted thermistorsimplanted thermistors
 high sensitivityhigh sensitivityRe activity Re activity  00..54 54 Hz/mgHz/mg

 M M  00..25 25 mg mg  A A  00..13 13 HzHz
g yg y

 many parameters to play withmany parameters to play with
 high reproducibility high reproducibility  arrayarray
 possibility of possibility of --machiningmachining

typically, typically, array of 10 detectorsarray of 10 detectors
lower pile up & higher statisticslower pile up & higher statistics ~ 1 mm~ 1 mm 1 mm 1 mm

slide fromslide from
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slide fromslide from
A. Guliani, 2008A. Guliani, 2008
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MIBETA experiment: the neutrino mass

Fit parameters

i l isingle gaussian:
EFWHM = 27.8 eV

fitting interval:fitting interval: 
0.8 – 3.5 keV

free constant background:free constant background: 
6 x 10-3 c/keV/h

free pile-up fraction:free pile up fraction: 
1.7 x 10-4

M 2 = -141  211 stat  90 sys eV2

M  15 6 V (90% l )
slide fromslide from
A Guliani 2008A Guliani 2008
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M 15.6 eV (90% c.l.)
47

A. Guliani, 2008A. Guliani, 2008
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MANU experiment (Genoa)MANU experiment (Genoa)

Similar technique as MIBETASimilar technique as MIBETA
 One detector onlyOne detector only
 Metallic RheniumMetallic Rhenium

detector schemedetector scheme

 EEFWHMFWHM = 96 eV= 96 eV
 Q = 2470 Q = 2470  1 1  4 eV4 eV
 ½ = 41.2½ = 41.2  0.020.02 0.11 Gy0.11 Gy

spectrumspectrum

detector schemedetector scheme½  41.2 ½  41.2  0.02 0.02 0.11 Gy0.11 Gy

spectrumspectrum

MM < 26 eV< 26 eV (95 % c.l.)(95 % c.l.)

slide fromslide from
A GulianiA Guliani 20082008
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A. Guliani, A. Guliani, 20082008
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KATRIN @ Karlsruhe
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77

Source and transport section
(tritium system) R=R=101077

T=27 K                             
T= 3 K                     

T=77 K                             
(tritium system)

R=10R=1077tritium sourcetritium source cryocryo--pumppumpT=77 K                             
(WGTS)(WGTS) diff. pumping systemdiff. pumping system

(DPS)(DPS)
(CPS)(CPS)diff. pumpingdiff. pumping

systemsystem

M i i t f th t iti tiM i i t f th t iti tiMain requirements for the tritium sectionMain requirements for the tritium section
•• activity in WGTS:activity in WGTS: 10101111 BqBq
•• high molecular tritium purity:high molecular tritium purity: > 95 %> 95 %high molecular tritium purity: high molecular tritium purity:  95 % 95 %
•• flow rate: flow rate: 55××10101919 molecules/s molecules/s ±± 0.1%  (40 g T0.1%  (40 g T22/day)/day)
•• column density column density d:d: 55××10101717 molecules/cmmolecules/cm22 ±± 0.1%0.1%

ØØ temperature stabilitytemperature stability 0 1 %0 1 %ØØ temperature stabilitytemperature stability 0,1 %0,1 %
•• magnetic field strength:magnetic field strength: WGTS: 3.6 T WGTS: 3.6 T ±± 2%2% DPSDPS//CPS: 5.6 TCPS: 5.6 T
•• tritium flow reduction:tritium flow reduction: 101014   14   ((DPSDPS and and CPSCPS): 10): 10--2020 mbar in M.S.mbar in M.S.
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Source and transport section
(tritium system) 77(tritium system) R=R=101077

T=27 K                             
T= 3 K                     

T=77 K                             

R=10R=1077tritium sourcetritium source cryocryo--pumppumpT=77 K                             

longitudinal density profilede
ns

ity

(WGTS)(WGTS) diff. pumping systemdiff. pumping system
(DPS)(DPS)

(CPS)(CPS)diff. pumpingdiff. pumping
systemsystem

DPS1-R             WGTS              DPS1-F DPS2-F

inner loopinner loop

DPS2-R
95%                      5%5%        95%

CPS

controlled
T2 injection

inner  loopinner  loop
every 
60 days
(<1 Ci)

T2 processing
isotope seperation

outer    loopouter    loopouter   loopouter   loop
T2 retention

1%1%

i ti TLK i f t ti ti TLK i f t t
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isotope seperation existing TLK infrastructureexisting TLK infrastructure
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The electroThe electro--static tandemstatic tandem--spectrometerspectrometer

prepre--

diameter:diameter: 10 m10 m
length:      length:      23.3 m23.3 m
weight:weight: 200 t200 t

PrePre--filterfilter

prepre--
spectrometerspectrometer

weight:     weight:     200 t200 t
pressure: pressure: 1010--1111 mbarmbar

fixed potential: fixed potential: 
E = E = 1818..3 3 keVkeV
EE ≈≈ 100100 eVeV

main spectrometermain spectrometer

E E ≈≈ 100 100 eVeV

prototype for m.s.prototype for m.s.

P i i MACP i i MAC EE filtfiltPrecision MACPrecision MAC--EE--filterfilter
variable retarding potential variable retarding potential 
for scanning the energy:for scanning the energy:

detectordetector

for scanning the energy:for scanning the energy:

energy range: energy range: E = 18,4 E = 18,4 -- 18,6 keV18,6 keV

energy resolution:energy resolution: E = 0.93 eVE = 0.93 eV t 10t 1066 l/l/
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energy resolution: energy resolution: E  0.93 eVE  0.93 eV pump ports: 10pump ports: 1066 l/sl/s
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Design of the main spectrometer

Ports for HV feed-throughs
for inner electrodes

Support stands
with el. insulators

for inner electrodes

beam line-beam line-
flanges
Ø = 500 mm

fi d i t 3 pump ports
Ø = 1700 mm
6 TMPs + NEG strips
access for ork

HeatingHeating--cooling pipescooling pipes
--20 20 °°C ... +C ... +350350°° CC

fixed point
during heating
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access for work
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RequirementsRequirements forfor thethe vacuumvacuum systemsystem

• final pressure: < 10-11 mbar
• outgassing: < 10-12 mbar l/s cm²    (innere surface: 690 m²)
• effective pumping speed

– 3000m getter strips:    1 000 000 l/s (H2 and other active gases)
6 b l l 8 400 l/ ( ll )– 6 turbo-molecular pumps: 8 400 l/s (all gases)

• max. allowed gasload
H < 10-5 mbar l/s– H2 < 10 5 mbar l/s

• outgassing vessel: <6 x 10-6 mbar l/s
• outgassing electrodes: <3 x 10-6 mbar l/s
• 6 TMPs, beamline, gauges: < 10-6 mbar l/s

– non-getterable gases < 10-7 mbar l/s (hydrocarbons, noble gases,...)
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KATRIN: KATRIN:  240 240 double layer wire electrode modulesdouble layer wire electrode modules

2. wire layer Ø 
= 0 2 mm

@ Münster University@ Münster University

= 0.2 mm

25 mm

comb 1. wire layer
Ø 0 3

70
 m

m

Ø = 0.3 mm

3-dim coordinate
measurement setup
in Münster clean-room
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in Münster clean-room
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Statistics

0.93 eV

2) final states Inelastic scattering1) beta spectrum


3) response
function

KATRIN

4) measurement point distrib.  MC data Mainz

□ m = 0.5 eV
○ m = 0 35 eV○ m = 0.35 eV
● m = 0 eV
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22 22 22 22

Systematic uncertainties
any unaccounted variance any unaccounted variance 22 leads to negative shift of mleads to negative shift of m

22: :  mm
22 = = --2 2 22

11. inelastic scatterings of . inelastic scatterings of ßß´́ss inside WGTSinside WGTS
i d di t di d di t d tt-- requires dedicated erequires dedicated e--gun measurements, gun measurements, 

unfolding techniques for response unfolding techniques for response fctfct..

22. fluctuations of WGTS column density (required < . fluctuations of WGTS column density (required < 00..11%)%)  uc ua o s o G S co u de s y ( equ educ ua o s o G S co u de s y ( equ ed 00 %)%)
-- rear detector, Laserrear detector, Laser--Raman spectroscopy, T=Raman spectroscopy, T=3030K stabilisation, K stabilisation, 

ee--gun measurementsgun measurements

33 t i i f tit i i f ti
some contributionssome contributions

h ithh ith33. transmission function. transmission function
-- spatial resolved espatial resolved e--gun measurementsgun measurements

44. WGTS charging due to remaining ions (MC: . WGTS charging due to remaining ions (MC:  < < 2020mV)mV)  

each witheach with
mm

22 0.007 eV0.007 eV22

g g g (g g g (  ))
-- inject low energy inject low energy meVmeV electrons from rear side, electrons from rear side, 
diagnostic tools availablediagnostic tools available

55 final state distributionfinal state distribution55. final state distribution. final state distribution
-- reliable quantum chem. calculationsreliable quantum chem. calculations

66. HV stability of retarding potential on ~. HV stability of retarding potential on ~33ppm level requiredppm level required
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-- precision HV divider (PTB), monitor spectrometer precision HV divider (PTB), monitor spectrometer beamlinebeamline
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Measuring the Neutrino Mass
3rd approach proposed recently: Project 83rd approach, proposed recently: Project 8

source: gaseous T2g 2
technique: radio-frequency spectroscopy of

coherent cyclotron radiation of β decay electrons
more details: arXiv:0904.2860v1 [nucl-ex] 

design values: projected energy resolution: 1 eV
estimated sensitivity on m(νe): 0.1 eV

status: preparations for a proof-of-principle experiment
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Project 8 collaboration
Cyclotron radiation from T• Cyclotron radiation from T2

• first prototype at UW, Seattle
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