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Outl ineOutl ine

$ Introduction
$ Ýã and ÝÜ direct mass measurements

$ Ýe direct mass measurements
$ Ò decay spectrum end-point with neutrino mixing
$ experimental approaches  

¢ magnetic and electrostatic spectroscopy
¢ calorimetry

$ Inner Bremmstrahlung Electron Capture
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IntroductionIntroduction

Indirect neutrino mass measurementsIndirect neutrino mass measurements

$  Magnetic moment:  Magnetic moment: the Standard Model predicts a magnetic 
moment of about  10B19 mÝÜB (mÝ in eV) for Dirac neutrinos 

$  Neutrinoless Double Beta Decay, Neutrino decay, ... Neutrinoless Double Beta Decay, Neutrino decay, ...

Direct neutrino mass measurementsDirect neutrino mass measurements

$  Decay kinematics:  Decay kinematics: the Ý mass can be directly accessed from the 
kinematics of decays where the Ý is emitted

¢ mÝe
 3  nuclear Ò decay: (A, Z) }  (A, Z+1) + eB + Ýe

¢ mÝÜ 3  à A }  ÜA + ÝÜ

¢ mÝã 3  ãB }  n à G + m à 0 + Ýã

$  Supernovae:Supernovae: neutrino signal from supernovae allow to estimate 
the mass from a Time- Of- Flight dispersion measurement
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Muon neutr ino massMuon neutr ino mass

Direct muon neutrino mass measurementsDirect muon neutrino mass measurements

$  limits on mÝÜ are derived from measurements of muon 

momentum pÜ in the decay at rest

à + }  ÜAÝ
Ü

$  from 4Bmomentum conservation

with  mÜ = 105.658389G0.000034 MeV (G0.3 ppm)
and  mà  = 139.56995G0.00035 MeV (G3 ppm)

¢ pÜA = 29.79200G0.00011 MeV (G4 ppm)

¢ mÝÜ T  0.17 MeV/c2 at 90% C.L.
(K. Assagaman et al., Phys. Rev. D, 53 (1996) 6065- 6077)

$  limitations to further improvements:
¢ mà  accuracy 

m
ÝÜ

2 = mà
2 AmÜ

2B 2mà mÜ
2A pÜ

2
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Muon neutr ino mass / 2Muon neutr ino mass / 2

Pion rest mass measurementsPion rest mass measurements

$  precise mà  knowledge is required to evaluate mÝÜ from à + decay data

$  best mà  value is obtained from X- ray spectroscopy of pionic atoms 

¢ two mà  values are given 
(B. Jeckelmann et al., Phys. Lett. B, 335 (1994) 326)   

¢ only one gives mÝÜ
2 compatible with zero

$  new mà  measurements could remove the ambiguity and improve 
the limit on mÝÜ:

¢ with 1 ppm uncertainty on mà  the mÝÜ limit would be X70 keV/c2  
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Muon neutr ino mass / 3Muon neutr ino mass / 3

Muon momentum measurementsMuon momentum measurements

$  sources of uncertainties in pÜ 

measurements:
"  ÜA spectrometer resolution

"  ÜA energy loss in graphite target

"  graphite target surface correction
"  kinetic energy of trapped à + 

graphite target

Si microstrip

Ü spectrometer

à  beam
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Tau neutr ino massTau neutr ino mass

Direct tau neutrino mass measurements at LEPDirect tau neutrino mass measurements at LEP

$  Aleph, Cleo and Opal Aleph, Cleo and Opal  give limits on mÝã from the kinematics 

of hadronic ã decays with 3 or 5 charged pions:

¢ ãB }  2à Bà A(à 0)Ýã B.R. 9% (4%) 

¢ ãB }  3à B2à A(à 0)Ý
ã

B.R. 0.1% (0.1%)

$  from 4- momentum conservation in ãB }  hBÝ
ã
 decay:

with mã = 1777.05+0.29
- 0.26 

MeV

$  from Aleph data mÝã T  18.2 MeV/c2 at 95% C.L.

$  limitations to further improvements:
¢ statistics
¢ detector resolution
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Tau neutr ino mass / 2Tau neutr ino mass / 2

ALEPH 3 and 5 pions dataALEPH 3 and 5 pions data

2932 ãB }  2à Bà AÝã and 52 ãB }  3à B2à A(à 0)Ýã

R. Barate et al., Eur. Phys. J. C2 (1998) 395- 406
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Electron neutr ino massElectron neutr ino mass

Direct electron neutrino mass measurementsDirect electron neutrino mass measurements

$   mmÝÝee
 can be accessed from the kinematical study of a 

low transition energy Ò decay

¢ Hanna and Pontecorvo (1949): mÝe
 from Tritium Ò decay end- point

using CT
4
 proportional counter 

¢ Curran, Angus and Cockroft (1949): mÝe 
T  1 keV

¢ Langer and Moffat (1952): mÝe 
T  250 eV using

magnetic spectrometers
¢ from the '70s better resolution magnetic and electrostatic

spectrometers: mÝe 
T  2.2 eV 

¢ from the '80s study of 187Re Ò decay end- point using 
thermal calorimeters

$   mmÝÝee
 can be accessed also from kinematics of low transition energy 

electron capture (De Rujula, 1981)  
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Nuclear Nuclear ÒÒ decay spectrum decay spectrum

E
0
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phase space factor
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Coulomb correction (Fermi function)

form factor with matrix element radiative correction

 (A, Z) }  (A, Z + 1) A  eB A  Ýe



Kurie plot near Kurie plot near EE00
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Nuclear Nuclear ÒÒ decay spectrum: Kurie plot decay spectrum: Kurie plot

effect of:
 -  detector energy resolution
 -  background counts
 -  Ò decays to excited states

effect of mÝ @ 0

fraction F of decays below
the end- point
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ÒÒ decay spectrum and neutr ino mixing: 3 neutr inos decay spectrum and neutr ino mixing: 3 neutr inos

$  Çm2
atmosZ 10B3F 10B2 eV2

$  Çm2
solarZ 10B5F 10B4 eV2

$  two extremes
¢ hierarchical masses
¢ degenerate masses

Y. Farzan et al., hep- ph/0105105

¢ with 3 degenerate neutrinos3 degenerate neutrinos
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mass degeneracymass degeneracy



Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10ththththththththth -  15 -  15 -  15 -  15 -  15 -  15 -  15 -  15 -  15ththththththththth,  2002,  2002,  2002,  2002,  2002,  2002,  2002,  2002,  2002

ÒÒ decay spectrum and neutr ino mixing: 4 neutr inos decay spectrum and neutr ino mixing: 4 neutr inos

m4
m
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solar Ýe }  Ýs

Y. Farzan et al., hep- ph/0105105; M. C. Gonzalez- Garcia et al., hep- ph/0202058

$  Çm2
LSNDZ 10B1F 101 eV2  1  4 neutrinos4 neutrinos
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ÒÒ spectroscopy with spectrometers spectroscopy with spectrometers

Experimental requirementsExperimental requirements
+   high energy resolution ÇE (same order of 
magnitude of aimed mÝ sensitivity)

+  high statistics at the Ò spectrum end-point 

¢ high 3H source activity

¢ high spectrometer luminosity (L] ÇÐ /4à , 

fraction of transmitted solid angle)

¢ high Ò counter efficiency

+  high signal-to-background ratio at the end-point

eB33H sourceH source ÒÒ counter counter

ÒÒ analyzer analyzer
"   differential spectrometerdifferential spectrometer: : Òs  from the 3H spectrum bin ÔE are 
magnetically and/or electrostatically selected and transported to the counter
"  iintegral spectrometerntegral spectrometer: : Òs  from the 3H spectrum with energies EÒSEth are 

electrostatically and magnetically selected and transported to the counter 

Experimental procedureExperimental procedure
"   3H spectrum is scanned by stepping the 
selected Ò energy from Emin to Emax 

"  Emax QE0 to evaluate background

"  Ò activity is recorded during intervals Çt 
(Çt  increasing approaching E0)

Additional requirementsAdditional requirements
+  source time stability
+  spectrometer time stability
+  precise live time control
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33HH Ò Ò spectroscopy: theoret ical aspects spectroscopy: theoret ical aspects

33HH Ò Ò spectrum spectrum
Detailed spectral shapeDetailed spectral shape

$  Fermi function F(Z=1, E)
$  QED radiative corrections

Atomic and molecular effectsAtomic and molecular effects 
$  3H can decay leaving the molecule in 
an excited state 
(electronic, vibrational or rotational) 
$  final state distributions are difficult to 
calculate for complex molecules

¢ detailed calculations available only 
for the final state distribution in the 
decay
 T2 }  3HeTA A  eBA Ýe

S. Jonsell et al., Phys. Rev. Lett. 76 (1996) 4476
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33HH Ò Ò decays to excited states: effect in spectrometers decays to excited states: effect in spectrometers

wrong
end- point E'0

end- point E0

decay on 1st 
excited state E0- E1 

decay on 2nd 
excited state E0- E2 

decays to 2 
excited states

no excited state
mÝ > 0

$  3H decays on excited states (electronic, 
vibrational or rotational) can fake mÝe

2 P  0 

in spectrometers measurements
$  in a spectrometer the excitation energy 
is lost
$  example:

"  n excited states Ei with probability wi

"  mÝe 
= 0

¢ the measured spectrum is the sum of 
n spectra with end- points E0BEi 
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ExperimentalExperimental  3 3HH Ò Ò spectrum spectrum
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33HH Ò Ò spectroscopy: experimental  aspects spectroscopy: experimental  aspects

BackgroundBackground: spurious count energy spectrum.

Spectrometer acceptanceSpectrometer acceptance: accounts for the changes of the spectrometer acceptance 
when varying the electron energy to be analyzed.

Electron energy lossElectron energy loss: accounts for the energy losses of electrons due to inelastic 
scatterings while going through the source material.

Spectrometer energy resolution functionSpectrometer energy resolution function: must be determined experimentally using 
monochromatic electron sources (e- gun or IC sources) with known line shapes. For 
some spectrometers it can be determined numerically.

N exp E = C 1AÑ E BE
0

R E K E
L

E K N theo E S E AB E

Backscattering Backscattering correctioncorrection: (for sources deposited on solid substrates) accounts for 
electron emitted towards source backing and scattered back into spectrometers.
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Effect of background and effect ive resolut ion funct ionEffect of background and effect ive resolut ion funct ion

Effect of backgroundEffect of background
$  unaccounted background gives mÝe

2 P  0                                                        

N E Ò,m
–Ýe

= 0 Z pÒ E ÒAm
e
c2 E

0
BE Ò

2 1A B

pÒ E ÒAm
e
c2 E ÒBE

0
2F Z,E Ò S E Ò

F Z,E Ò S E Ò

} m
–Ýe

2 = B2B / p Ò E ÒAm
e
c2 FS P 0

Spectrometer effective resolution functionSpectrometer effective resolution function
$  spectrometer response is described by the effective resolution function

Reff(EÒ) = R(EÒ) K  EL(EÒ)

$  Reff(EÒ) can have large low 

energy tails
$  unaccounted low energy tails 
can fake mÝe

 > 0

¢ thin 3H sources

Energy loss

Energy resolution
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Sources of systemat ic uncertaint iesSources of systemat ic uncertaint ies

Sources of systematics Sources of systematics 
$  uncertainties in the experimental 
correction factors
$  experimental corrections not 
included in the model
$  unaccounted final excited states

¢ effects of systematics are 
reduced restricting the interval 
below E0 used for fitting

¢ high statistics

F ÔE Z 2
ÔE

E
0

3

= 3D10B10

f o r 3H E
0
= 18.57 k e V a n d ÔE= 10 e V



Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10Angelo Nucciotti, International School on Astroparticle and Neutrino Physics, Varenna, June 10ththththththththth -  15 -  15 -  15 -  15 -  15 -  15 -  15 -  15 -  15ththththththththth,  2002,  2002,  2002,  2002,  2002,  2002,  2002,  2002,  2002

High resolut ion High resolut ion 33H H ÒÒ spectroscopy: history spectroscopy: history

Evolution of Evolution of 33H H ÒÒ spectroscopy spectroscopy

$  ‰‰22àà  magnetic spectrometers magnetic spectrometers mÝe

¢ Bergkvist <65 eV

¢ INS, Tokyo exp. (C20H40O2 source) <13 eV

$  Tret'yakov magnetic spectrometersTret'yakov magnetic spectrometers
¢ ITEP exp. (Valine source) X30 eV

¢ Zurich exp. (T
2
- source, implanted) <12 eV

¢ Los Alamos exp. (T
2
- source, gas)   <9 eV

¢ Livermore exp. (T2- source, gas)   <7 eV

$  Electrostatic spectrometers with Electrostatic spectrometers with 
Magnetic Magnetic Adiabatic CollimationAdiabatic Collimation

¢ Troitsk exp. (T
2
- source, gas)   <3 eV

¢  Mainz exp. (T
2
- source, solid)   <2 eV
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$   magnetic spetrometer with toroidal field 

$  two methods to analyze Ò energy EÒ :

¢ sweeping the magnetic field B

¢ stepping the source potential Vs (B = cost)

1  only electrons with EÒ G sVss =  Emag 

go through the  spectrometer

Constant Constant BB mode mode

Åhigh energy resolution (] Emag
- 1) and luminosity

Åresolution function simple to calculate and to check
Äbad background rejection (although constant with 

energy)

Tret ' yakov magnetic spectrometersTret ' yakov magnetic spectrometers
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Electrostat ic Spect rometers wi th Magnet ic  Adiabat ic Col l imat ionElectrostat ic Spect rometers wi th Magnet ic  Adiabat ic Col l imat ion

$   all eB emitted in forward emisphere spiral along 
a B field line from source to detector

$  in the adiabatic limit 1  Ü= Eu/B= const

¢ at the spectrometer center (where B= Bmin) 
the initial transverse momentum pu 0 is 

converted into momentum pt 1
 parallel to B

¢ EÒ =  Et AEu and Eu 1
/Eu 0

= Bmin/Bmax  

$  the retarding electrical field at the central 
symmetry plane (where B= Bmin) has  maximum  
potential U0 and repels eB with parallel energy 

component Et 1
= EÒBEu 1

PBeU0 with 

0REu 1
R(Bmin/Bmax)EÒ 1  integral spectrometer

¢ the spectrometer transmission is
BeU0REÒRBeU0(1ABmin/Bmax)

¢ the resolving power is
 ÇE Ò

E Ò

=
B

min

B
max

Z 2D10B 4 1 Ç E ÒZ 4eV for E ÒZ 18keV

Å high energy resolution
Å high luminosity (ÇÐ= 2à )

Ä integral spectrometer
Ä background is integrated as well
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Tr i t ium sourcesTri t ium sources

RequirementsRequirements
$  high specific activity
$  low self- absorption and inelastic scattering
$  simple excited level distribution

¢ solid and gaseous T2 sources

Windowless gaseus TWindowless gaseus T
22 sources sources

Å highest specific activity
Å lowest inelastic scattering probability
Å no backscattering
Å no source charging
Å source homogeneity
Å calibration with radioactive gasses
Ä source strength stability

Solid frozen TSolid frozen T
22 sources sources

Å low inelastic scattering probability
Å source homogeneity
Ä backscattering
Ä solid state excitation effects
Ä source charging 

Ä T
2
 sputtering by recoil

Ä surface roughening
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Spectrometer energy cal ibrat ionSpectrometer energy cal ibrat ion

83m83mKrKr IC electrons measured by  IC electrons measured by 
Livermore Tret'yakov spectrometer with gaseous sourceLivermore Tret'yakov spectrometer with gaseous source

M, N conversion from 9.5 keV transitionK conversion from 32 keV transition

shakeup/off

$  Calibration aims at evaluating Reff(EÒ) = R(EÒ) K  EL(EÒ)

¢ electron gun with different source thicknesses
¢ radioactive Internal Conversion Electron source (usually 83mKr, E= 17.8 keV) 
mixed to the T2 source or with different source thicknesses

Ä83mKr source is not monochromatic (shakeup and shakeoff electrons) 
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Los Alamos and Livermore ExperimentsLos Alamos and Livermore Experiments

$  Tret'yakov spectrometers with windowless gaseous TTret'yakov spectrometers with windowless gaseous T22 sources sources

¢ Los Alamos: Los Alamos: spectrometer resolution ÇEFWHMX 23 eV   
 mÝ

2= B147G68G41 eV2 1  mÝP 9.3 eV (95% C.L.)
R. G. H. Robertson et al., Phys. Rev. Lett., 67 (1991) 957

¢ Livermore:Livermore: spectrometer resolution ÇEFWHMX 9.5 eV
mÝ

2= B130G20G15 eV2 1  no mÝ limit claimed
W. Stoeffl et al., Phys. Rev. Lett., 75 (1995) 3237

$  both experiments report mÝ
2 largely negative and 

not compatible with 0 
$  the Livermore group data present an anomalous 
structure in the Ò spectrum
¢  data can be better interpreted either by 
including a peak about 25 eV below the end- point 
or by using an arbitrary final state distribution 

Los AlamosLos Alamos
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Troi tsk experimentTroi tsk experiment
MAC Electrostatic spectrometer with windowless MAC Electrostatic spectrometer with windowless 

gaseous Tgaseous T22 source source

X240 days of measurement (from 1/1994 to 12/1999)

L =  6 m, L  =  1.2 m
p = 10B9 mbar
V =  G0.2 V (short term)

Differentially pumped gaseous T2

source with magnetic transport
L =  3 m, L  =  50 mm
T =  26F 28 K
T2:HT:H2=  6:8:2
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Troi tsk experiment cal ibrat ionTroi tsk experiment cal ibrat ion

+  monochromatic (X0.5 eV) electrons 

from electron gun

¢ energy resolution ÇEFW= 3.5F 4 eV

V. N. Aseev et al., Eur. Phys. J. D 10 (2000) 39- 52

without tritium

with tritium}
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Troi tsk resultsTroi tsk results
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Troi tsk anomalyTroi tsk anomaly

 Step- functionStep- function   
$  intensity is about X6D10B11 of total 
decay rate
$  position E0BEstep varies with about  
0.5 year period between 5 and 15 eV
¢  attempts to correlate with Mainz 
measurements mostly failed

Capture of Relic neutrinosCapture of Relic neutrinos
$  exotic explanation:

ÝeA
3H} 3HeAeB â =  0.77D10B44 cm2

¢ B.R. X  6D10B11 3   áÝ=  0.5D1015 cmB3

¢ but from standard cosmology áÝ=  102 cmB3

$  hypothesis: neutrinos bound in the solar system
through scalar boson exchange (neutrino clouds)
G.J. Stephenson Jr., hep- ph/9603392
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Mainz experimentMainz experiment
MAC Electrostatic spectrometer with solid quench condensed TMAC Electrostatic spectrometer with solid quench condensed T22 source source

L =  2 m, L  =  0.9 m
p =  0.5D10B10 mbar
Bmin =  5D10B4 G

T2 film quench condensed 
on HOPG graphite
Tsource  =  1.86 K
thickness 45 nm 
area 2 cm2

activity 20mCi

Si detector
segmented to improve
background rejection
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Mainz systematics reductionMainz systematics reduction

$  experiment constantly improved 
¢ signal- to- background ratio increased by background reduction and 

source strength maximized
¢ quench condensed source related systematics better understood  

Electron energy losses and Electron energy losses and 
neighbor molecule excitationneighbor molecule excitation
"  extensively studied with 83mKr source
V. N. Aseev et al., Eur. Phys. J. D 10 (2000) 39- 52 

Source diffusion and rougheningSource diffusion and roughening
"  reduced by source cooling to 1.2 K

Source chargingSource charging
"  modeled and included in data analysis

different T2 
thicknesses

energy losses
in the source
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Mainz resultsMainz results

$  some data sets rejected because of large negative mÝ
2 

$  to reduce systematic uncertainties only final 70 eV are used 
$  1998/1999: mÝ

2= B1.6G2.5G2.1 eV2 1  mÝP 2.2 eV (95% C.L.)

$  2001: mÝ
2= +0.1G4.2G2.0 eV2 

¢ mÝ
2= B1.2G2.2G2.1 eV2 1  mÝP 2.2 eV (95% C.L.) (preliminary)

Ch. Weinheimer, presented at Neutrino 2002 conference, Munich, May 2002
$  final sensitivity of the experiment reached 

E0 shift due to 
source charging
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Next  spectrometer generat ion: the Katr in proposalNext spectrometer generat ion: the Katr in proposal

present Mainz set- up }GoalGoal 
$  sub- eV sensitivity on mÝ 

StrategyStrategy
$   better resolution ÇE= 1 eV 

¢ F(ÔE= 1eV)=  2D10B13 
$  higher statistics

¢  stronger T2 source

¢  longer measuring time
$  better systematics control

KATRIN  proposalKATRIN  proposal
(Katrin Letter Of Intent: hep- ex/0109033)

$  Karlsruhe Tritium Neutrino experiment proposed 

by FH Fulda, FZ & U Karlsruhe, U Mainz, INP 
Prague, U Seattle and INR Troitsk:

¢ large MAC electrostatic spectrometer with TOF 
measurement capability using both gaseous and 
quench condensed T2 sources  
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KATRIN: experimental overviewKATRIN: experimental overview

TT22 source source

$  Windowless gaseous source (WGTS) Windowless gaseous source (WGTS): 
preferred due to smaller systematics 
$  Quench condensed source (QCTS)Quench condensed source (QCTS): to 
be used for systematics understanding  

Pre- filter spectrometerPre- filter spectrometer
$  transmits only electrons in the last 
100 eV below E0 (10B7 of the total)

¢  background reduction
$  allows source chopping for TOF 
measurements
Main spectrometerMain spectrometer
$  high resolving power: ÇE= 1 eV
$  high luminosity: large source area 1  
large spectrometer cross section (L = 7m) 
$  ultrahigh vacuum to reduce 
background: p < 10B11 mbar

Electron transportElectron transport
$  adiabatically guide from Ò source to 
spectrometer (superconducting coils)
$  prevents 3H from flowing to the 
spectrometer (cryotrapping and pumping)

ÒÒ detectordetector
$  large area and efficiency for <20 keV Ò
$  energy resolution and spatial resolution to 
measure source profile 

¢  background discrimination
$  time resolution for TOF measurements  



Non- integrating MAC- E- TOF modeNon- integrating MAC- E- TOF mode
$  TOF measurement adds a low- pass 
filtering 1  differential spectrometer with 
high luminosity

¢ systematics investigation
¢ search for non- SM physics

$  tests with Mainz spectrometer:
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KATRIN: experimental overview / 2KATRIN: experimental overview / 2

Response function and systematicsResponse function and systematics
$  inelastic scattering Ò energy loss 
threshold: 12 eV 
$  first electronic 3HeTA excited state: 27 eV
$  with WGTS and ÇE= 1 eV resolution

¢ in the last 10 eV below E0 only 
no energy loss electrons

J. Bonn et al., 
Nucl. Instr. and Math. A421 (1999) 256

83mKr

MAC- E

MAC- E- TOF
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KATRIN sensi t iv i tyKATRIN sensi t iv i ty

Estimates of sensitivity with WTGS Estimates of sensitivity with WTGS 
$  high T2 luminosity, high energy resolution 
and low background

¢  KATRIN can focus on a narrow interval 
below E0 (ÔE= 15F 20 eV) almost free of 
systematics

$  simulations give a sensitivity of
mÝ < 0.35 eV (90% C.L.)

after 3 years measurement

Time schedule:Time schedule:
$  2002: proposal; application for funding
$  2007: start of data taking

ÇE =  1eV
background =  11mHz
WTGS: ì d =  5D1017 T2/cm2

             area =  29 cm2

systematic error: 2% energy loss
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Other projects: Universi ty of Texas, AustinOther projects: Universi ty of Texas, Austin

UTA neutrino rest mass UTA neutrino rest mass 
experiment experiment 

$  proposed double deflecting 
electrostatic spectrometer aiming 
for ÇEFWHMS1eV

$  windowless gaseous T2 source
$  luminosity lower than MAC- E 
spectrometers
$  very low background
$  aimed sensitivity on mÝ 

¢  Œ(mÝ) =  1.4 eV
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ÒÒ calorimetry calor imetry
Ýe

Experimental requirementsExperimental requirements
+   high energy resolution ÇE (same order 
of magnitude of aimed mÝ sensitivity)

+  high statistics at Ò spectrum end-point 

¢ high Ò source activity

¢ time resolution to limit pile- up

+  high signal-to-background ratio at the 

end-point

Experimental considerationsExperimental considerations
+  calorimeters measure the entire spectrum at once

¢ use low E0 Ò decaying isotopes  to achieve 
enough statistics near the end- point 

¢ best choice 187Re: E0 = 2.46 keV
  1  F(ÔE= 10 eV)X2 (ÔE/E0)

3= 1.3D10B7777

+  Calorimetry advantages  Calorimetry advantages (in principle)
Å no backscattering
Å no energy losses in the source
Å no atomic/molecular final state effects
Å no solid state excitation

+  Calorimetry drawbacksCalorimetry drawbacks
Ä systematics due to pile- up effects
Ä energy dependent background

eBÒÒ source source
ÒÒ calorimeter calorimeter
ideally measures all the energy E released in any decay 
except for the Ýe energy: E= E0BEÝexcitation excitation 

energiesenergies
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Calorimetry:  excited statesCalorimetry:  excited states
187187Re Re ÒÒ spectrum shape spectrum shape

+  5/2A}  1/2B unique first forbidden transition 
1  S(EÒ)

+  F(Z= 7777775,EÒ)

+  in case of decays on n excited final states 
Ei  with probability wi  1
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Calorimetry :  pi leCalorimetry :  pi le--up and sensi t iv i tyup and sensi t iv i ty
Pile- up Pile- up 

+   effect of detector unresolved time 
superposition of Ò decays
+  influence on end- point similar to 
backgound
+  for a source activity A, a time resolution ãR 
and an energy resolution function R(EÒ)

Nexp(EÒ) Z  (N(EÒ) A  ãRAN(EÒ)KN(EÒ))KR(EÒ)

2 event pile- up
spectrum

95% C.L. sensitivity on 95% C.L. sensitivity on mmÝÝ    Œ(Œ(mmÝÝ) ) from statistical considerationsfrom statistical considerations

¢   for an energy resolution ÇE, a source activity A and a measuring time tM 

fpp maximum tolerated fraction of pile- up with a time resolution ãR

¢ with ÇE= 10 eV, tM= 1y, A= 1Hz  1  Œ (mÝ)= 43 eV with 3H and 9 9 eV with 187Re

¢ fpp= 10- 4  with ãR= 100Üs

Œ mÝ Z
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33H implanted in sol id state detectorsH implanted in sol id state detectors

J.J. Simpson experimentJ.J. Simpson experiment  (J.J. Simpson, Phys. Rev. D 23 (1981) 649)

+ Si(Li) detector with ÇEFWHM =  220 eV at 6 keV, ãR=  6 Üs
+  implanted 3H activity: 70 Hz

¢ mÝ<65 eV (95% C.L.) 

$  large systematic uncertainties due to H2 bubble formation and 
defects in the Si host lattice

¢  17 keV neutrino discovery ...  

fluorescence X- ray
calibration and 
3H spectrum

3H spectrum
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Thermal detectorsThermal detectors

Particle absorber
E }  ÇT

Thermometer
ÇT }  ÇV

Electro- thermal
link G

Detection PrincipleDetection Principle
$ ÇT=E/C 

C thermal capacity
¢ low C

¢ low T (i.e. TV 1K)

¢ dielectrics (e.g. AgReO4), 
superconductors (e.g. Re, Tc=1.6 K) 

$ ultimate limit to energy resolution:
statistical fluctuation of internal 
energy U

¤ÇU 2¥ = k
B
T 2C

$ example: 1 mg of Si at 100 mK
C X  T 3 (Debye) Þ  C X  10- 13 J/K
6 keV X- ray Þ  ÇT X  10 mK

Þ  ÇU X  1 eV

Thermal Detectors PropertiesThermal Detectors Properties
Å high energy resolution

Å large choice of absorber materials

Å true calorimeters

Ä slow ã= C/GX1F 103 ms 
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ThemometersThemometers

Costant current biasCostant current bias

ÇÇE E ÞÞ ÇÇT T ÞÞ ÇÇR R ÞÞ ÇÇVV

ThermistorsThermistors
$ doped semiconductors at T < 10K

¢  phonon assisted variable range hopping

$ T < 1 K Þ  Ó = 1/2 

¢ silicon implanted thermistors

¢ neutron trasmutation doped Germanium
thermistors (NTD- Ge)

Ä sensitive only to thermal phonons 1  slower 

Superconducting transition sensorsSuperconducting transition sensors
$ thin films made of low Tc superconducting metal

¢ pure superconductors: W (TcZ 15 mK) or Ir (TcZ 110 mK)

¢ tunableTc bilayers: Ir/Au, Al/Ag, Mo/Ag, ...  

Å sensitive also to non- thermal phonons 1  faster

Ä transition difficult to control 1  systematic uncertainties 
in the detector response 
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Energy resolut ionEnergy resolut ion

Microcalorimeters potentialitiesMicrocalorimeters potentialities
$ Ge­NTD calorimeter with Sn 250D250D25 mm3 absorber                  

¢ ÇEFWHMX5eV for 55Fe X� rays

¢ Mn KÑ doublet perfectly resolved   

A. Alessandrello et al., Phys. Rev. Lett. 82 (1999) 513
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Genova experimentGenova experiment

MANU experimentMANU experiment
+  goalgoal

¢ A = 10 Hz, ÇE
FWHM = 1 eV, ãR= 1 Üs

¢ new superconducting transition 
thermometers development  

187187Re experimentRe experiment
"  1.57 mg rhenium single crystal absorber
"  NTD- Ge thermistor
"  ÇE

FWHM =  96 eV

"  energy calibration with Cl, Ca and V 
flourescence X- ray removable source
"  about 6D106 events above 420 eV

¢  E0=  2470G1G4 eV

¢  ã½=  (4.12G0.02G0.11)D1010 y
M. Galeazzi et al., Phys. Rev. C 63 (2001) 4302

"  mÝ
2= B462A579

B670 eV2

¢  mÝ< 26 eV (95% C.L.) (not published)
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Genova experiment: BEFSGenova experiment: BEFS

Environmental Fine Structure in Environmental Fine Structure in 187187Re decayRe decay
+  quantum interference between outgoing Ò 
decay emitted electron waves and neighbouring 
atoms backscattered ones (analog of EXAFS)

¢  oscillatory pattern in the low energy part of 
the  Ò spectrum 

F. Gatti et al., Nature 397 (1999) 137
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Mi lano exper imentMilano exper iment

AgReOAgReO44 microcalorimeters microcalorimeters

$ silicon implanted thermistors        
¢ high reproducibility for arrays
¢ micromachining

$ AgReO4 single crystals 

¢ AÒ= 5.4D10B4 Hz/mg

¢ mass 250F 350 mg
A. Alessandrello et al., Phys. Lett. B457 (1999) 253

heat sink Al bonding wires Æ 17mm

thermistor

AgReO4 crystal

epoxy joint

X- ray calibration source

SiliconSilicon
MicromachinigMicromachinig
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Mi lano exper imentMilano exper iment

Montecarlo evaluationMontecarlo evaluation  of  calorimeter of  calorimeter mmÝÝ sensitivity  sensitivity ŒŒ((mmÝÝ))

$ AÒ: single detector 187Re activity

$ ãR: assumed time resolution for pile- up rejection                       

¢ unresolved pile- up fraction: fppZ AÒãR

$ Œ(mÝ) : 68% C.L. sensitivity on mÝ  

array of high resolutionarray of high resolution
calorimeterscalorimeters

 e.g.:
" 10 calorimeters with

0.1Hz 187Re activity 
" ÇEFWHM=30eV

" ãR=0.5ms

mmÝÝ<10eV in 1 year<10eV in 1 year

10 0.1 500 30 10.0
10 0.1 50 30 9.1
10 0.1 500 10 8.2
10 1.0 500 30 6.2
50 0.1 50 10 4.0

Ndet x tM
[y]

AÒ

[Hz]

ã
R

[Üs]
DEFWHM

[eV]

S(mÝ)

[eV]



Dilution refrigerator set- up forDilution refrigerator set- up for
10 detector experiment10 detector experiment
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Mi lano exper iment setMilano exper iment set--upup

Fluorescence source Fluorescence source 
for periodic calibrationfor periodic calibration

2D55Fe 5 mCi primary
sources:

Al KÑ: 1.5 keV

Cl KÑ: 2.6 keV

Ca KÑ: 3.7 keV

Ti KÑ: 4.5 keV

Mn KÑ:  5.9 keV

5 detectors holder5 detectors holder20
 c

m
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Mi lano exper iment resultsMilano exper iment results

First high statistics measurement (2000)First high statistics measurement (2000)

$  total acquired AgReO4 mass: 2.34 mg

¢ 187Re activity: 1.3Hz
$  total statistics: X8655 hoursDdetector

¢ X4.9D106 187Re decays

$  average resolution: ÇEFWHM=38.5 eV 

1 37.8 1.29
2 57.0 30.5 0.83
3 41.5 0.81
4
5 55.0 32.5 0.90
6
7 323±1 56.0 32.9 0.94
8 376±5 60.0 49.2 1.25
9 62.0 45.4 0.98
10 65.0 24.5 0.83

AgReO4
mass
[mg]

Top 

[mK] 

DEFWHM
at 2.6 keV

[eV]

t rise
[ms]

340±5
259±6
244±4
286±4
284±3
312±9

272±3
241±5
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Mi lano exper iment results / 2Milano exper iment results / 2

Kurie plot of total data setKurie plot of total data set
$   problems to solve to reach the 
expected mÝ sensitivity

¢ understand detector response
¢ background above end- point

Preliminary data analysisPreliminary data analysis
$  difficulty in data analysis

¢ E0= 2461G1G5 eV
¢ large  systematic uncertainty 

due to background

"  all detectors

Ä only detectors with
 lower background
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Mi lano exper iment backgroundMilano exper iment background

Origin of backgroundOrigin of background
$  mostly due to 55Fe Inner Bremmstrahlung
E0= 232 keV, relative intensity 3.2D10B5

Detector responseDetector response
$  detector response function as 

determined with X- ray calibration 
source is not simply gaussian
¢  effect of shallow depth X- ray 

absorption or energy trapping 
in metastable states

¢  better understanding required
¢  for example by using Re X- ray

escape peaks

Pb- Re escapes

measurement
without 55Fe sources

bZ 0.011 c/keV/h

measurement
with 55Fe sources

shutter closed
bZ 0.122 c/keV/h

Cu K X- rays

Pb L X- rays and
Pb- Re escapes

Pb K X- rays

MC simulation

Ca KÑ

E=  3.69 keV
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Calorimetr ic  Calorimetr ic  187187Re Re ÒÒ measurement: summary measurement: summary

Thermal detection technique statusThermal detection technique status
+  thermal detectors application to direct neutrino mass determination has not
yet given the expected results, but:

¢ thermal detection is a young technique: dates back to the '80s
¢ Milano group R&D for neutrino mass experiment started in 1992
¢ spectrometer application to Tritium measurement started in the '50s ...

+  work is in progress to explore the systematics peculiar to this technique
¢ detector response
¢ background
¢ pile- up

+  sub- eV sensitivity can in principle be reached with a huge effort
¢ large number of detectors (experiments with X100 channels already exist)
¢ better thermometers (newer sensors are already available)
¢ lower background (underground operation maybe required)
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Direct Direct mmÝÝ measurement from Inner Bremmstrahlung measurement from Inner Bremmstrahlung

Electronic Capture with Inner Bremmstrahlung (IBEC)Electronic Capture with Inner Bremmstrahlung (IBEC)
(A, Z) }  (A, ZB1){nlj} A  ÓB A  Ýe

nlj : captured atomic electron in spectroscopy notation

+  Ó spectrum shape for nlj electron (with binding energy B(nlj)) capture: 
 
 
Qnlj

2(EÓ) matrix element

+  IBEC intensity is very small (about 10- 4 
of primary EC decays) 
+  QnP

2(EÓ) has large resonances for EÓ close 

to the energy of n'S- nP X transitions
¢ De Rújula proposed to determine mÝ from

 the Ó spectrum end- point of isotopes with 
E0BB(nlj ) close to a QnP resonance
¢ enhancement of fraction of events close
to end- point F(ÔE). For example 163Ho.
¢ best by calorimetry  
A. De Rújula, Nucl. Phys. B 188 (1981) 414- 458
+  IBEC measurements give the electron neutrino mass
+  E0 and mÝ can be determined also from different shell capture ratios

N Ó

nl
j E Ó ] E Ó E

0
BB nl

j
BE Ó E

0
BB nl

j
BE Ó

2Bm
–Ýe

2 c 4 Q
nl

j

2 E Ó
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163163Ho IBEC measurementsHo IBEC measurements

P. T. Springer P. T. Springer et al.et al.  163163Ho experimentHo experiment
"  Si(Li) detector exposed to a 163Ho source
"  ÇEFWHM =  137 eV at 2 keV

¢ mÝ< 225 eV (95% C.L.)
P. T. Springer et al., Phys. Rev. A 35 (1987) 679- 689  

163163Ho experiment sensitivityHo experiment sensitivity
" 163Ho EC  transition E0 is not precisely 
known:  E0 Z  2.8 keV
"  atomic binding energies are also poorely 
known
¢  sensitivity is hard to evaluate
K. Riisager et al., Physica Scripta 31 (1985) 321- 327

Genoa groupGenoa group
"  development of thermal detectors for 
calorimetric measurement of 163Ho IBEC
spectra
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ConclusionsConclusions

+  limits on the ÝÜ and Ýã masses cannot be greatly improved

+  presently most stringent limits on Ýe mass come from 
MAC Electrostatic spectrometers

¢ present experiments have reached their highest sensitivity
¢ not all measurements and results are free of ambiguity 

+  next generation spectrometers must reach sub- eV sensitivity
to approach an interesting range
+  thermal calorimeters have not yet proved to be competitive 
but are still appealing because of their different systematics


