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Figure 8: Principle of the MAC-E-Filter. Top: experimental setup,
bottom: momentum transformation due to adiabatic invariance of
the orbital magnetic momentum ! in the inhomogeneous magnetic
field.

Therefore, in the presence of a missed experimental broaden-
ing with Gaussian width " one expects a shift of the result on#2($!) of Δ#2 ($!) ≈ −2 ⋅ "2, (37)

which gives rise to a negative value of#2($!) [18].
3.2.1. MAC-E-Filter. The significant improvement in the
neutrino mass sensitivity by the Troitsk and the Mainz
experiments are due to MAC-E-Filters (Magnetic Adiabatic
Collimation with an Electrostatic Filter). This new type of
spectrometer—based on early work by Kruit and Read [69]—
was developed for the application to the tritium +-decay at
Mainz and Troitsk independently [70, 71].The MAC-E-Filter
combines high luminosity at low background and a high
energy resolution, which are essential features to measure
the neutrino mass from the endpoint region of a +-decay
spectrum.

The main features of the MAC-E-Filter are illustrated
in Figure 8: two superconducting solenoids are producing
a magnetic guiding field. The +-electrons, starting from
the tritium source in the left solenoid into the forward
hemisphere, are guided magnetically on a cyclotron motion
along the magnetic field lines into the spectrometer yielding
an accepted solid angle of nearly 2,. On theway of an electron
into the center of the spectrometer the magnetic field -
decreases smoothly by several orders of magnitude keeping
the magnetic orbital moment of the electron ! invariant
(equation given in nonrelativistic approximation)! = .⊥- = const. (38)

Therefore nearly all cyclotron energy .⊥ is transformed into
longitudinal motion (see Figure 8 bottom) giving rise to a

broad beamof electrons flying almost parallel to themagnetic
field lines. This is just the opposite of the so-called magnetic
mirror ormagnetic bottle effect.

This parallel beam of electrons is energetically analyzed
by applying an electrostatic barrier created by a system of
one or more cylindrical electrodes. The relative sharpness
of this energy high-pass filter is only given by the ratio of
the minimummagnetic field -min reached at the electrostatic
barrier in the so-called analyzing plane and the maximum
magnetic field between +-electron source and spectrometer-max Δ.. = -min-max

. (39)

It is beneficial to place the electron source in a magnetic
field -S somewhat lower than the maximum magnetic field-max. Thus the magnetic mirror effect based on the adiabatic
invariant (38) hinders electrons with large starting angles at
the source and long paths inside the source to enter theMAC-
E-Filter. Only electrons are able to pass the pinch field -max
which exhibit starting angles /S at -S of

sin2 (/S) ≤ -S-max
. (40)

In principle, the pinchmagnet could also be installed between
the MAC-E-Filter and the detector, which counts the elec-
trons transmitted by theMAC-E-Filter, as long as the electron
transport is always adiabatically. Such an arrangement has
been realized at the KATRIN experiment.

The exact shape of the transmission function can be
calculated analytically. For an isotropically emittingmonoen-
ergetic source of particles with kinetic energy . and charge 1
it reads as function of the retarding potential 2 as3 (.,2)
= {{{{{{{{{{{{{{{
0 for . ≤ 12,1 − √1 − . − 12. ⋅ -S-min

for 12 < . < 12 + Δ.,1 − √1 − -S-max
for . ≥ 12 + Δ..

(41)

Figure 9 shows the transmission function of a MAC-E-
Filter at the example of the KATRIN experiment at its default
settings (see Section 4.4).

The +-electrons are spiralling around the guiding mag-
netic field lines in zeroth approximation. Additionally, in
non-homogeneous electrical and magnetic fields they feel a
small drift :, which reads in first order [70]::⃗ = (.⃗ × -⃗-2 − (.⊥ + 2.||)> ⋅ -3 (-⃗ × ∇⊥-⃗)) . (42)

The clear advantages of theMAC-E-Filter of large angular
acceptance and high energy resolution come together with
the danger to store charged particles in Penning, magnetic

T2	source	 Detector	

ª Measure integral spectrum with moving threshold 
ª Magnetic Adiabatic Collimation + Electrostatic filter 
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field -S somewhat lower than the maximum magnetic field-max. Thus the magnetic mirror effect based on the adiabatic
invariant (38) hinders electrons with large starting angles at
the source and long paths inside the source to enter theMAC-
E-Filter. Only electrons are able to pass the pinch field -max
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In principle, the pinchmagnet could also be installed between
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Therefore, in the presence of a missed experimental broaden-
ing with Gaussian width " one expects a shift of the result on#2($!) of Δ#2 ($!) ≈ −2 ⋅ "2, (37)

which gives rise to a negative value of#2($!) [18].
3.2.1. MAC-E-Filter. The significant improvement in the
neutrino mass sensitivity by the Troitsk and the Mainz
experiments are due to MAC-E-Filters (Magnetic Adiabatic
Collimation with an Electrostatic Filter). This new type of
spectrometer—based on early work by Kruit and Read [69]—
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Mainz and Troitsk independently [70, 71].The MAC-E-Filter
combines high luminosity at low background and a high
energy resolution, which are essential features to measure
the neutrino mass from the endpoint region of a +-decay
spectrum.

The main features of the MAC-E-Filter are illustrated
in Figure 8: two superconducting solenoids are producing
a magnetic guiding field. The +-electrons, starting from
the tritium source in the left solenoid into the forward
hemisphere, are guided magnetically on a cyclotron motion
along the magnetic field lines into the spectrometer yielding
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the magnetic orbital moment of the electron ! invariant
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field lines. This is just the opposite of the so-called magnetic
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field -S somewhat lower than the maximum magnetic field-max. Thus the magnetic mirror effect based on the adiabatic
invariant (38) hinders electrons with large starting angles at
the source and long paths inside the source to enter theMAC-
E-Filter. Only electrons are able to pass the pinch field -max
which exhibit starting angles /S at -S of
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In principle, the pinchmagnet could also be installed between
the MAC-E-Filter and the detector, which counts the elec-
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Figure 9 shows the transmission function of a MAC-E-
Filter at the example of the KATRIN experiment at its default
settings (see Section 4.4).

The +-electrons are spiralling around the guiding mag-
netic field lines in zeroth approximation. Additionally, in
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Therefore, in the presence of a missed experimental broaden-
ing with Gaussian width " one expects a shift of the result on#2($!) of Δ#2 ($!) ≈ −2 ⋅ "2, (37)

which gives rise to a negative value of#2($!) [18].
3.2.1. MAC-E-Filter. The significant improvement in the
neutrino mass sensitivity by the Troitsk and the Mainz
experiments are due to MAC-E-Filters (Magnetic Adiabatic
Collimation with an Electrostatic Filter). This new type of
spectrometer—based on early work by Kruit and Read [69]—
was developed for the application to the tritium +-decay at
Mainz and Troitsk independently [70, 71].The MAC-E-Filter
combines high luminosity at low background and a high
energy resolution, which are essential features to measure
the neutrino mass from the endpoint region of a +-decay
spectrum.

The main features of the MAC-E-Filter are illustrated
in Figure 8: two superconducting solenoids are producing
a magnetic guiding field. The +-electrons, starting from
the tritium source in the left solenoid into the forward
hemisphere, are guided magnetically on a cyclotron motion
along the magnetic field lines into the spectrometer yielding
an accepted solid angle of nearly 2,. On theway of an electron
into the center of the spectrometer the magnetic field -
decreases smoothly by several orders of magnitude keeping
the magnetic orbital moment of the electron ! invariant
(equation given in nonrelativistic approximation)! = .⊥- = const. (38)

Therefore nearly all cyclotron energy .⊥ is transformed into
longitudinal motion (see Figure 8 bottom) giving rise to a

broad beamof electrons flying almost parallel to themagnetic
field lines. This is just the opposite of the so-called magnetic
mirror ormagnetic bottle effect.

This parallel beam of electrons is energetically analyzed
by applying an electrostatic barrier created by a system of
one or more cylindrical electrodes. The relative sharpness
of this energy high-pass filter is only given by the ratio of
the minimummagnetic field -min reached at the electrostatic
barrier in the so-called analyzing plane and the maximum
magnetic field between +-electron source and spectrometer-max Δ.. = -min-max

. (39)

It is beneficial to place the electron source in a magnetic
field -S somewhat lower than the maximum magnetic field-max. Thus the magnetic mirror effect based on the adiabatic
invariant (38) hinders electrons with large starting angles at
the source and long paths inside the source to enter theMAC-
E-Filter. Only electrons are able to pass the pinch field -max
which exhibit starting angles /S at -S of

sin2 (/S) ≤ -S-max
. (40)

In principle, the pinchmagnet could also be installed between
the MAC-E-Filter and the detector, which counts the elec-
trons transmitted by theMAC-E-Filter, as long as the electron
transport is always adiabatically. Such an arrangement has
been realized at the KATRIN experiment.

The exact shape of the transmission function can be
calculated analytically. For an isotropically emittingmonoen-
ergetic source of particles with kinetic energy . and charge 1
it reads as function of the retarding potential 2 as3 (.,2)
= {{{{{{{{{{{{{{{
0 for . ≤ 12,1 − √1 − . − 12. ⋅ -S-min

for 12 < . < 12 + Δ.,1 − √1 − -S-max
for . ≥ 12 + Δ..

(41)

Figure 9 shows the transmission function of a MAC-E-
Filter at the example of the KATRIN experiment at its default
settings (see Section 4.4).

The +-electrons are spiralling around the guiding mag-
netic field lines in zeroth approximation. Additionally, in
non-homogeneous electrical and magnetic fields they feel a
small drift :, which reads in first order [70]::⃗ = (.⃗ × -⃗-2 − (.⊥ + 2.||)> ⋅ -3 (-⃗ × ∇⊥-⃗)) . (42)

The clear advantages of theMAC-E-Filter of large angular
acceptance and high energy resolution come together with
the danger to store charged particles in Penning, magnetic
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Therefore, in the presence of a missed experimental broaden-
ing with Gaussian width " one expects a shift of the result on#2($!) of Δ#2 ($!) ≈ −2 ⋅ "2, (37)

which gives rise to a negative value of#2($!) [18].
3.2.1. MAC-E-Filter. The significant improvement in the
neutrino mass sensitivity by the Troitsk and the Mainz
experiments are due to MAC-E-Filters (Magnetic Adiabatic
Collimation with an Electrostatic Filter). This new type of
spectrometer—based on early work by Kruit and Read [69]—
was developed for the application to the tritium +-decay at
Mainz and Troitsk independently [70, 71].The MAC-E-Filter
combines high luminosity at low background and a high
energy resolution, which are essential features to measure
the neutrino mass from the endpoint region of a +-decay
spectrum.

The main features of the MAC-E-Filter are illustrated
in Figure 8: two superconducting solenoids are producing
a magnetic guiding field. The +-electrons, starting from
the tritium source in the left solenoid into the forward
hemisphere, are guided magnetically on a cyclotron motion
along the magnetic field lines into the spectrometer yielding
an accepted solid angle of nearly 2,. On theway of an electron
into the center of the spectrometer the magnetic field -
decreases smoothly by several orders of magnitude keeping
the magnetic orbital moment of the electron ! invariant
(equation given in nonrelativistic approximation)! = .⊥- = const. (38)

Therefore nearly all cyclotron energy .⊥ is transformed into
longitudinal motion (see Figure 8 bottom) giving rise to a

broad beamof electrons flying almost parallel to themagnetic
field lines. This is just the opposite of the so-called magnetic
mirror ormagnetic bottle effect.

This parallel beam of electrons is energetically analyzed
by applying an electrostatic barrier created by a system of
one or more cylindrical electrodes. The relative sharpness
of this energy high-pass filter is only given by the ratio of
the minimummagnetic field -min reached at the electrostatic
barrier in the so-called analyzing plane and the maximum
magnetic field between +-electron source and spectrometer-max Δ.. = -min-max

. (39)

It is beneficial to place the electron source in a magnetic
field -S somewhat lower than the maximum magnetic field-max. Thus the magnetic mirror effect based on the adiabatic
invariant (38) hinders electrons with large starting angles at
the source and long paths inside the source to enter theMAC-
E-Filter. Only electrons are able to pass the pinch field -max
which exhibit starting angles /S at -S of

sin2 (/S) ≤ -S-max
. (40)

In principle, the pinchmagnet could also be installed between
the MAC-E-Filter and the detector, which counts the elec-
trons transmitted by theMAC-E-Filter, as long as the electron
transport is always adiabatically. Such an arrangement has
been realized at the KATRIN experiment.

The exact shape of the transmission function can be
calculated analytically. For an isotropically emittingmonoen-
ergetic source of particles with kinetic energy . and charge 1
it reads as function of the retarding potential 2 as3 (.,2)
= {{{{{{{{{{{{{{{
0 for . ≤ 12,1 − √1 − . − 12. ⋅ -S-min

for 12 < . < 12 + Δ.,1 − √1 − -S-max
for . ≥ 12 + Δ..

(41)

Figure 9 shows the transmission function of a MAC-E-
Filter at the example of the KATRIN experiment at its default
settings (see Section 4.4).

The +-electrons are spiralling around the guiding mag-
netic field lines in zeroth approximation. Additionally, in
non-homogeneous electrical and magnetic fields they feel a
small drift :, which reads in first order [70]::⃗ = (.⃗ × -⃗-2 − (.⊥ + 2.||)> ⋅ -3 (-⃗ × ∇⊥-⃗)) . (42)

The clear advantages of theMAC-E-Filter of large angular
acceptance and high energy resolution come together with
the danger to store charged particles in Penning, magnetic
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Therefore, in the presence of a missed experimental broaden-
ing with Gaussian width " one expects a shift of the result on#2($!) of Δ#2 ($!) ≈ −2 ⋅ "2, (37)

which gives rise to a negative value of#2($!) [18].
3.2.1. MAC-E-Filter. The significant improvement in the
neutrino mass sensitivity by the Troitsk and the Mainz
experiments are due to MAC-E-Filters (Magnetic Adiabatic
Collimation with an Electrostatic Filter). This new type of
spectrometer—based on early work by Kruit and Read [69]—
was developed for the application to the tritium +-decay at
Mainz and Troitsk independently [70, 71].The MAC-E-Filter
combines high luminosity at low background and a high
energy resolution, which are essential features to measure
the neutrino mass from the endpoint region of a +-decay
spectrum.

The main features of the MAC-E-Filter are illustrated
in Figure 8: two superconducting solenoids are producing
a magnetic guiding field. The +-electrons, starting from
the tritium source in the left solenoid into the forward
hemisphere, are guided magnetically on a cyclotron motion
along the magnetic field lines into the spectrometer yielding
an accepted solid angle of nearly 2,. On theway of an electron
into the center of the spectrometer the magnetic field -
decreases smoothly by several orders of magnitude keeping
the magnetic orbital moment of the electron ! invariant
(equation given in nonrelativistic approximation)! = .⊥- = const. (38)

Therefore nearly all cyclotron energy .⊥ is transformed into
longitudinal motion (see Figure 8 bottom) giving rise to a

broad beamof electrons flying almost parallel to themagnetic
field lines. This is just the opposite of the so-called magnetic
mirror ormagnetic bottle effect.

This parallel beam of electrons is energetically analyzed
by applying an electrostatic barrier created by a system of
one or more cylindrical electrodes. The relative sharpness
of this energy high-pass filter is only given by the ratio of
the minimummagnetic field -min reached at the electrostatic
barrier in the so-called analyzing plane and the maximum
magnetic field between +-electron source and spectrometer-max Δ.. = -min-max

. (39)

It is beneficial to place the electron source in a magnetic
field -S somewhat lower than the maximum magnetic field-max. Thus the magnetic mirror effect based on the adiabatic
invariant (38) hinders electrons with large starting angles at
the source and long paths inside the source to enter theMAC-
E-Filter. Only electrons are able to pass the pinch field -max
which exhibit starting angles /S at -S of

sin2 (/S) ≤ -S-max
. (40)

In principle, the pinchmagnet could also be installed between
the MAC-E-Filter and the detector, which counts the elec-
trons transmitted by theMAC-E-Filter, as long as the electron
transport is always adiabatically. Such an arrangement has
been realized at the KATRIN experiment.

The exact shape of the transmission function can be
calculated analytically. For an isotropically emittingmonoen-
ergetic source of particles with kinetic energy . and charge 1
it reads as function of the retarding potential 2 as3 (.,2)
= {{{{{{{{{{{{{{{
0 for . ≤ 12,1 − √1 − . − 12. ⋅ -S-min

for 12 < . < 12 + Δ.,1 − √1 − -S-max
for . ≥ 12 + Δ..

(41)

Figure 9 shows the transmission function of a MAC-E-
Filter at the example of the KATRIN experiment at its default
settings (see Section 4.4).

The +-electrons are spiralling around the guiding mag-
netic field lines in zeroth approximation. Additionally, in
non-homogeneous electrical and magnetic fields they feel a
small drift :, which reads in first order [70]::⃗ = (.⃗ × -⃗-2 − (.⊥ + 2.||)> ⋅ -3 (-⃗ × ∇⊥-⃗)) . (42)

The clear advantages of theMAC-E-Filter of large angular
acceptance and high energy resolution come together with
the danger to store charged particles in Penning, magnetic
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the orbital magnetic momentum ! in the inhomogeneous magnetic
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Therefore, in the presence of a missed experimental broaden-
ing with Gaussian width " one expects a shift of the result on#2($!) of Δ#2 ($!) ≈ −2 ⋅ "2, (37)

which gives rise to a negative value of#2($!) [18].
3.2.1. MAC-E-Filter. The significant improvement in the
neutrino mass sensitivity by the Troitsk and the Mainz
experiments are due to MAC-E-Filters (Magnetic Adiabatic
Collimation with an Electrostatic Filter). This new type of
spectrometer—based on early work by Kruit and Read [69]—
was developed for the application to the tritium +-decay at
Mainz and Troitsk independently [70, 71].The MAC-E-Filter
combines high luminosity at low background and a high
energy resolution, which are essential features to measure
the neutrino mass from the endpoint region of a +-decay
spectrum.

The main features of the MAC-E-Filter are illustrated
in Figure 8: two superconducting solenoids are producing
a magnetic guiding field. The +-electrons, starting from
the tritium source in the left solenoid into the forward
hemisphere, are guided magnetically on a cyclotron motion
along the magnetic field lines into the spectrometer yielding
an accepted solid angle of nearly 2,. On theway of an electron
into the center of the spectrometer the magnetic field -
decreases smoothly by several orders of magnitude keeping
the magnetic orbital moment of the electron ! invariant
(equation given in nonrelativistic approximation)! = .⊥- = const. (38)

Therefore nearly all cyclotron energy .⊥ is transformed into
longitudinal motion (see Figure 8 bottom) giving rise to a

broad beamof electrons flying almost parallel to themagnetic
field lines. This is just the opposite of the so-called magnetic
mirror ormagnetic bottle effect.

This parallel beam of electrons is energetically analyzed
by applying an electrostatic barrier created by a system of
one or more cylindrical electrodes. The relative sharpness
of this energy high-pass filter is only given by the ratio of
the minimummagnetic field -min reached at the electrostatic
barrier in the so-called analyzing plane and the maximum
magnetic field between +-electron source and spectrometer-max Δ.. = -min-max

. (39)

It is beneficial to place the electron source in a magnetic
field -S somewhat lower than the maximum magnetic field-max. Thus the magnetic mirror effect based on the adiabatic
invariant (38) hinders electrons with large starting angles at
the source and long paths inside the source to enter theMAC-
E-Filter. Only electrons are able to pass the pinch field -max
which exhibit starting angles /S at -S of

sin2 (/S) ≤ -S-max
. (40)

In principle, the pinchmagnet could also be installed between
the MAC-E-Filter and the detector, which counts the elec-
trons transmitted by theMAC-E-Filter, as long as the electron
transport is always adiabatically. Such an arrangement has
been realized at the KATRIN experiment.

The exact shape of the transmission function can be
calculated analytically. For an isotropically emittingmonoen-
ergetic source of particles with kinetic energy . and charge 1
it reads as function of the retarding potential 2 as3 (.,2)
= {{{{{{{{{{{{{{{
0 for . ≤ 12,1 − √1 − . − 12. ⋅ -S-min

for 12 < . < 12 + Δ.,1 − √1 − -S-max
for . ≥ 12 + Δ..

(41)

Figure 9 shows the transmission function of a MAC-E-
Filter at the example of the KATRIN experiment at its default
settings (see Section 4.4).

The +-electrons are spiralling around the guiding mag-
netic field lines in zeroth approximation. Additionally, in
non-homogeneous electrical and magnetic fields they feel a
small drift :, which reads in first order [70]::⃗ = (.⃗ × -⃗-2 − (.⊥ + 2.||)> ⋅ -3 (-⃗ × ∇⊥-⃗)) . (42)

The clear advantages of theMAC-E-Filter of large angular
acceptance and high energy resolution come together with
the danger to store charged particles in Penning, magnetic
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ª  KArlsruhe TRItium Neutrino experiment 
ª Magnetic field range 

3 – 60,000 G 
ª Design resolution 

0.93 eV 
ª 1011 decays/sec 
ª 1014 T reduction, 

source to spec 
ª Design mνβ 

sensitivity:                
0.2 eV at 90% 
confidence level 

Leopoldshafen 
November 2006 
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KATRIN Bonus Material 

Steinbrink et al., N. J. Phys. 15 (2013), 113020 
TOF (ns) 

ª Meanwhile: R&D for 
time-of-flight spectrum 
² Mitigate background 
² Improve statistics  

ª Any precision beta spectrum is sensitive to new 
physics ... 
² e.g. sterile neutrinos (T. Lasserre, yesterday) 
² e.g. Lorentz-invariance violation (Díaz et al., Phys. Rev. D 88 

(2013) 071902(R)) 
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T2 Spectroscopy: Cyclotron Radiation 

fγ =
fc
γ
=
eB
2π

1
me + 1

c2 Eβ

Never	measure	anything	
but	frequency.	

-- Arthur Schawlow 

ª An electron in a magnetic 
field will radiate at 

Monreal and Formaggio, PRD 80 (2009) 051301(R)  

ª Trap electrons 
ª Measure entire beta 

spectrum at once: 
Cyclotron Radiation 
Emission Spectroscopy 
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ª Thermometer 
ª Small ΔT      big ΔΦ	
ª SQUID readout 
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General reference: Alpert et al., Eur. Phys. J. C 75 112 (2015) 

Au absorber 
with 163Ho 
filling 

Mo-Cu 
transition 
edge sensor 

ª Preliminary 
ΔEFWHM~4 eV 

ª τrise ~ 6 µs 
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ª Thin film near superconducting Tc 
ª R depends strongly on T 
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General reference: Croce et al., J. Low Temp. Phys. 184 958 (2016) 
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ª Attach metallic paramagnet to 
absorber 

ª Heat disturbs magnetization 

General reference: Gastaldo et al., J. Low Temp. Phys. 176 
876 (2014) 

ª Preliminary 
ΔEFWHM~10 eV 

ª τrise ~ 0.13 µs 

Two pixels, one day 
from L. Gastaldo 

KIP, University  of Heidelberg 
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ª ~15 eV sensitivity for MIBETA (2004) 
ª R&D by MARE collaboration 

Whatever Happened to 187Re? 
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Community has	moved	on	to	163Ho  

ª Metallic Re (superconducting) 
ª Complex thermalization 

ª Dielectric AgReO4 
ª Long response time 

ª  Low specific activity 

Nucciotti, Adv. High Energy Phys. 2016 9153024 
Re 
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-- Andreotti et al., PRC 84 044605 (2011) 

ª Low-Q decay hidden in Q=497 keV decay branch 
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ª  Electronic excitations in T atoms 

Diana Parno -- Direct Neutrino Mass Measurements 

T2: Molecular Final-State Distribution 

ª 	Excitations in T2 gas 
² Electronic: 20 eV 
² Vibrational: ~0.1 eV 
² Rotational: ~0.01 eV 

ª 	Beta spectrum depends on excitation energies Vk 
and probabilities Pk 
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ª Precise ab initio calculations 
ª Uncertainty hard to estimate 
ª Enters directly into analysis 

Calculation LANL mν
2 LLNL mν

2 

1985 -147(79) eV2 -130(25) eV2 

2000 (est.) 20(79) eV2 37(25) eV2 

ª KATRIN needs σFSD to 1% 
ª New calculations 
ª Initial-state source 

characterization 

Bodine, DSP, Robertson, PRC 91, 035505 (2015) 

ª TRIMS experiment to 
resolve historical 
discrepancy 
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ª Q = A – A’ (ground states) 
ª For 163Ho and 163Dy, Q inferred from spectrum 
ª Significant disagreements between techniques 

Eliseev et al., PRL 115 (2015) 062501 
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Q Value for 163Ho Decay 

Diana Parno -- Direct Neutrino Mass Measurements 

ª Q = A – A’ (ground states) 
ª For 163Ho and 163Dy, Q inferred from spectrum 
ª Significant disagreements between techniques 

Eliseev et al., PRL 115 (2015) 062501 

ª 2015: dedicated Q 
measurement with 
SHIPTRAP 

ª Q = 2833(30)(15) eV 
ª Lower statistics 
ª Separated from 

spectral features 
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ª Standard spectral calculation assumes 1 e- vacancy 
ª What about 163Dy* states with two or more holes? 
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163Ho: Shakeup 

Lusignoli and Vignati, Phys. Lett. B 697 
(2011) 11 
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ª Standard spectral calculation assumes 1 e- vacancy 
ª What about 163Dy* states with two or more holes? 
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163Ho: Shakeup 

Lusignoli and Vignati, Phys. Lett. B 697 
(2011) 11 

3s½  
3p½  5s½  

4s½  
4p½  

1-hole calculation 
2-hole calculation 
3-hole calculation 

Faessler et al., PRC 91 (2015) 064302 ª New resonance(s) 
ª Structure near endpoint 

complicates mν
2 

extraction 
Robertson, PRC 91 (2015) 035504 
Faessler and Šimkovic, PRC 91 (2015) 045505 
Faessler et al., PRC 91 (2015) 064302 
  

ª Looks like a few % effect, separated from 
endpoint 
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163Ho: Shakeoff 

163Ho      163Dy[H,H’] + e- + νe 	
ª Electrons can also be excited to the continuum 

ª 3-body process,  
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ª 3-body process,  

ª Recent preliminary 
calculations near endpoint 

De Rújula and Lusignoli, 
JHEP 2016 15, 2016 
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163Ho: Shakeoff 

163Ho      163Dy[H,H’] + e- + νe 	
ª Electrons can also be excited to the continuum 

ª 3-body process,  

ª Recent preliminary 
calculations near endpoint 
ª Enhanced statistics      

(40x near endpoint) 
ª Relative pileup 

contribution reduced 
ª More complex analysis? 

ª Ongoing theory work De Rújula and Lusignoli, 
JHEP 2016 15, 2016 
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ª Probes of neutrino mass: An introduction 
ª How to measure a spectrum 
ª Theoretical challenges 
ª A few experimental challenges 
ª Light neutrino, bright future 

Outline 
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ª Further study needed:  

ª Target activity 
ª Homogeneity of 

magnetic field 
ª Lifetime of e- in trap 
ª Background 

ª Suppressed by design 
ª Molecular final states 

ª Atomic T source? 

From Proof of Principle to mν
2  

Diana Parno -- Direct Neutrino Mass Measurements 

Phase I (83mKr) Phase II (T2) 

Images from Project 8 collaboration 
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Tritium Challenges 
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Figure from B. 
Bornschein 

T = 4.8 K 

Fleischmann et al., Eur. Phys. J. B 16 (2000) 521 

ª The culprit: Source dewetting over time 
ª Irregular structure, extra energy loss 
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ª T2 is simple in principle, but hard in practice 
ª Example: Mainz experiment (quench-condensed T2) 

Tritium Challenges 
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Figure from B. 
Bornschein 

T = 4.8 K 
T = 1.9 K 

Fleischmann et al., Eur. Phys. J. B 16 (2000) 521 

ª The culprit: Source dewetting over time 
ª Irregular structure, extra energy loss 
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ª Windowless, gaseous T2 in 16m cryostat at 30K 

KATRIN Source 
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Inject T2 

Pump out T2 

Pump out T2 
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ª Windowless, gaseous T2 in 16m cryostat at 30K 

KATRIN Source 
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ª Stability is 
crucial: 
ª Temperature 
ª Inlet/outlet 

pressure 
ª Isotopic 

composition 
ª Rate 
ª Scattering 
ª  ... 

Babutzka et al., New J. Phys. 14 (2012) 103046  

Inject T2 

Pump out T2 

Pump out T2 
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ª Two ways to make 163Ho 

ª Neutron irradiation of 162Er2O3 

ª Large σ, significant radio impurities 

163Ho Production 

Diana Parno -- Direct Neutrino Mass Measurements 

Gatti, ν Telescopes 2015 
(HOLMES) 
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ª Two ways to make 163Ho 

ª Neutron irradiation of 162Er2O3 

ª Large σ, significant radio impurities 
ª Proton irradiation of natDy 

ª Small σ, high purity 

163Ho Production 

Diana Parno -- Direct Neutrino Mass Measurements 

NuMECS 

Croce et al., J. Low 
Temp. Phys. 184 
958 (2016) 
(NuMECS) 

Gatti, ν Telescopes 2015 
(HOLMES) 
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Backgrounds 
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Wandkowsky et al., J. Phys. G 40 
(2013) 085102  

ª mν
2 sensitivity goes as 

sixth root of 
background rate 

ª Novel background 
sources in large MAC-E 
filter, e.g.  
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Backgrounds 

Diana Parno -- Direct Neutrino Mass Measurements 

Wandkowsky et al., J. Phys. G 40 
(2013) 085102  

Alpert et al. (HOLMES), Eur. 
Phys. J. C 75 (2015) 112 

fpp = Δt AEC = 10-6 

ª Worst “background” 
source is pileup 

ª Limits activity/pixel 

ª mν
2 sensitivity goes as 

sixth root of 
background rate 

ª Novel background 
sources in large MAC-E 
filter, e.g.  
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Figure 26: (a) Discovery potential of KATRIN as function of time for different neutrino masses. (b) Upper limit on neutrino mass at 90%
C.L. as a function of time.

of the large-scale test units have opened the possibility
to substantially reduce the systematic effects during the
long-term measurements with the final configuration, thus
improving the neutrino mass sensitivity of the experiment.

Beginning at the source-related components, an impor-
tant breakthroughwas the verification of the novel beam tube
cooling system. In a dedicated setup, consisting largely of
original components, the WGTS demonstrator, a tempera-
ture stabilization of the 10m long beam tube ofΔ"/" of≈10−4
was achieved by using two-phase neon fluid as cooling agent.
This is one order ofmagnitude better than specified. Together
with the achieved pressure stabilisation of the inner loop
mock-up of Δ$/$ of ≈10−4, this opens up the possibility of
reduced systematic errors from column density fluctuations
(this is one of the largest overall systematic errors). At present
the WGTS demonstrator is being reassembled to the final
WGTS cryostat.The finalWGTS assembly at KIT is expected
to be completed by the end of 2014. Further progress has been
made with regard to tritium analytics (LARA setup), as well
as the design of the rear section which will include extensive
control and monitoring units.

Major progress has also been achieved in thefield of large-
scale tritium retention. After the successful commissioning
of the DPS2-F cryostat, first tritium retention measurements
with a beam tube at room temperature have yielded exper-
imental flow suppression factors which are in very good
agreement with corresponding MC simulations. Due to the
malfunction of a protective diode of the superconducting
magnet system of DPS2-F, a new magnet safety concept
for all s.c. solenoids has been designed. This concept is
currently being implemented for WGTS and CPS, as well as
a fail-safe differential pumping section. The manufacture of
the cryopump CPS is well under way with assembly works
expected to be finished by the end of 2013.

In the spectrometer section, the extensive measurement
program with the prespectrometer facility has given impor-
tant insights into background reduction techniques, precision
electromagnetic layout, vacuum technologies, and high volt-
age stability. At present the prespectrometer is ready for beam
line integration.

The main spectrometer together with its external air coil
system and its inner electrode system, which was completed
at the beginning of 2012, is currently being prepared for test
measurements. These measurements will be focused first on

extensive background studies, with the objective to remove
any remaining small-scale Penning traps, to quantify the
contribution of cosmic muon induced background and to
study its signature by making use of external muon detectors.
An important aspect of the background studies will be the
identification of background due to stored electrons follow-
ing nuclear decays, and the optimisation of active and passive
background reduction techniques to limit the spectrometer
background to a level of <10−2 cps. Another important task
will be to map the transmission properties of the spectrome-
ter with an angular-selective electron gun. In all these inves-
tigations the recently commissioned focal plane detector sys-
tem with its excellent properties will be of vital importance.
Finally, the extensive software developments for simulation
and analysis tools are in an advanced state and the software
packages are continually being refined and extended.

After integration of all source-related and spectrometer-
related components, the first runs in the final KATRIN
configuration are expected in the second half of 2015.

5. New Approaches

While spectrometer experiments based on the MAC-E filter
principle [70] currently provide the highest sensitivities
in direct neutrino mass experiments, there are alternative
approaches that aim for comparable performance and better
scalability in the study of weak decays.

A very recent development is promoted by the Project
8 team (see Section 5.1) where tritium technology from the
KATRIN experiment is used in conjunction with microwave
antennas to detect coherent cyclotron radiation emitted by
individual decay electrons in a magnetic field. The aim is
to extract a %-decay spectrum without the need for a large
electrostatic spectrometer.

Most of the work on alternative experimental methods
is, however, focused on using microcalorimeters to study
rhenium %-decays (see Section 5.2) or holmium electron
capture decays (see Sections 5.3 and 5.4).Themain advantage
of using microcalorimeters lies in the source = detector
principle that allows to measure the complete decay energy
(excluding the energy carried away by the emitted neutrino)
as opposed to only measuring the kinetic energy of the decay
electrons. On the other hand the comparably slow signals
produced by calorimetric detectors bring the challenge of

G.	Drexlin	et	al.,	Adv.	
High	Energy	Phys.	
2013	(2013)	293986	

Hassel et al., 
J. Low Temp. 
Phys. 184 
(2016) 910  
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Figure 26: (a) Discovery potential of KATRIN as function of time for different neutrino masses. (b) Upper limit on neutrino mass at 90%
C.L. as a function of time.

of the large-scale test units have opened the possibility
to substantially reduce the systematic effects during the
long-term measurements with the final configuration, thus
improving the neutrino mass sensitivity of the experiment.

Beginning at the source-related components, an impor-
tant breakthroughwas the verification of the novel beam tube
cooling system. In a dedicated setup, consisting largely of
original components, the WGTS demonstrator, a tempera-
ture stabilization of the 10m long beam tube ofΔ"/" of≈10−4
was achieved by using two-phase neon fluid as cooling agent.
This is one order ofmagnitude better than specified. Together
with the achieved pressure stabilisation of the inner loop
mock-up of Δ$/$ of ≈10−4, this opens up the possibility of
reduced systematic errors from column density fluctuations
(this is one of the largest overall systematic errors). At present
the WGTS demonstrator is being reassembled to the final
WGTS cryostat.The finalWGTS assembly at KIT is expected
to be completed by the end of 2014. Further progress has been
made with regard to tritium analytics (LARA setup), as well
as the design of the rear section which will include extensive
control and monitoring units.

Major progress has also been achieved in thefield of large-
scale tritium retention. After the successful commissioning
of the DPS2-F cryostat, first tritium retention measurements
with a beam tube at room temperature have yielded exper-
imental flow suppression factors which are in very good
agreement with corresponding MC simulations. Due to the
malfunction of a protective diode of the superconducting
magnet system of DPS2-F, a new magnet safety concept
for all s.c. solenoids has been designed. This concept is
currently being implemented for WGTS and CPS, as well as
a fail-safe differential pumping section. The manufacture of
the cryopump CPS is well under way with assembly works
expected to be finished by the end of 2013.

In the spectrometer section, the extensive measurement
program with the prespectrometer facility has given impor-
tant insights into background reduction techniques, precision
electromagnetic layout, vacuum technologies, and high volt-
age stability. At present the prespectrometer is ready for beam
line integration.

The main spectrometer together with its external air coil
system and its inner electrode system, which was completed
at the beginning of 2012, is currently being prepared for test
measurements. These measurements will be focused first on

extensive background studies, with the objective to remove
any remaining small-scale Penning traps, to quantify the
contribution of cosmic muon induced background and to
study its signature by making use of external muon detectors.
An important aspect of the background studies will be the
identification of background due to stored electrons follow-
ing nuclear decays, and the optimisation of active and passive
background reduction techniques to limit the spectrometer
background to a level of <10−2 cps. Another important task
will be to map the transmission properties of the spectrome-
ter with an angular-selective electron gun. In all these inves-
tigations the recently commissioned focal plane detector sys-
tem with its excellent properties will be of vital importance.
Finally, the extensive software developments for simulation
and analysis tools are in an advanced state and the software
packages are continually being refined and extended.

After integration of all source-related and spectrometer-
related components, the first runs in the final KATRIN
configuration are expected in the second half of 2015.

5. New Approaches

While spectrometer experiments based on the MAC-E filter
principle [70] currently provide the highest sensitivities
in direct neutrino mass experiments, there are alternative
approaches that aim for comparable performance and better
scalability in the study of weak decays.

A very recent development is promoted by the Project
8 team (see Section 5.1) where tritium technology from the
KATRIN experiment is used in conjunction with microwave
antennas to detect coherent cyclotron radiation emitted by
individual decay electrons in a magnetic field. The aim is
to extract a %-decay spectrum without the need for a large
electrostatic spectrometer.

Most of the work on alternative experimental methods
is, however, focused on using microcalorimeters to study
rhenium %-decays (see Section 5.2) or holmium electron
capture decays (see Sections 5.3 and 5.4).Themain advantage
of using microcalorimeters lies in the source = detector
principle that allows to measure the complete decay energy
(excluding the energy carried away by the emitted neutrino)
as opposed to only measuring the kinetic energy of the decay
electrons. On the other hand the comparably slow signals
produced by calorimetric detectors bring the challenge of

G.	Drexlin	et	al.,	Adv.	
High	Energy	Phys.	
2013	(2013)	293986	

2016 
ª KATRIN “first light” 
ª Final Project 8 83mKr spectra 

Hassel et al., 
J. Low Temp. 
Phys. 184 
(2016) 910  
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Figure 26: (a) Discovery potential of KATRIN as function of time for different neutrino masses. (b) Upper limit on neutrino mass at 90%
C.L. as a function of time.

of the large-scale test units have opened the possibility
to substantially reduce the systematic effects during the
long-term measurements with the final configuration, thus
improving the neutrino mass sensitivity of the experiment.

Beginning at the source-related components, an impor-
tant breakthroughwas the verification of the novel beam tube
cooling system. In a dedicated setup, consisting largely of
original components, the WGTS demonstrator, a tempera-
ture stabilization of the 10m long beam tube ofΔ"/" of≈10−4
was achieved by using two-phase neon fluid as cooling agent.
This is one order ofmagnitude better than specified. Together
with the achieved pressure stabilisation of the inner loop
mock-up of Δ$/$ of ≈10−4, this opens up the possibility of
reduced systematic errors from column density fluctuations
(this is one of the largest overall systematic errors). At present
the WGTS demonstrator is being reassembled to the final
WGTS cryostat.The finalWGTS assembly at KIT is expected
to be completed by the end of 2014. Further progress has been
made with regard to tritium analytics (LARA setup), as well
as the design of the rear section which will include extensive
control and monitoring units.

Major progress has also been achieved in thefield of large-
scale tritium retention. After the successful commissioning
of the DPS2-F cryostat, first tritium retention measurements
with a beam tube at room temperature have yielded exper-
imental flow suppression factors which are in very good
agreement with corresponding MC simulations. Due to the
malfunction of a protective diode of the superconducting
magnet system of DPS2-F, a new magnet safety concept
for all s.c. solenoids has been designed. This concept is
currently being implemented for WGTS and CPS, as well as
a fail-safe differential pumping section. The manufacture of
the cryopump CPS is well under way with assembly works
expected to be finished by the end of 2013.

In the spectrometer section, the extensive measurement
program with the prespectrometer facility has given impor-
tant insights into background reduction techniques, precision
electromagnetic layout, vacuum technologies, and high volt-
age stability. At present the prespectrometer is ready for beam
line integration.

The main spectrometer together with its external air coil
system and its inner electrode system, which was completed
at the beginning of 2012, is currently being prepared for test
measurements. These measurements will be focused first on

extensive background studies, with the objective to remove
any remaining small-scale Penning traps, to quantify the
contribution of cosmic muon induced background and to
study its signature by making use of external muon detectors.
An important aspect of the background studies will be the
identification of background due to stored electrons follow-
ing nuclear decays, and the optimisation of active and passive
background reduction techniques to limit the spectrometer
background to a level of <10−2 cps. Another important task
will be to map the transmission properties of the spectrome-
ter with an angular-selective electron gun. In all these inves-
tigations the recently commissioned focal plane detector sys-
tem with its excellent properties will be of vital importance.
Finally, the extensive software developments for simulation
and analysis tools are in an advanced state and the software
packages are continually being refined and extended.

After integration of all source-related and spectrometer-
related components, the first runs in the final KATRIN
configuration are expected in the second half of 2015.

5. New Approaches

While spectrometer experiments based on the MAC-E filter
principle [70] currently provide the highest sensitivities
in direct neutrino mass experiments, there are alternative
approaches that aim for comparable performance and better
scalability in the study of weak decays.

A very recent development is promoted by the Project
8 team (see Section 5.1) where tritium technology from the
KATRIN experiment is used in conjunction with microwave
antennas to detect coherent cyclotron radiation emitted by
individual decay electrons in a magnetic field. The aim is
to extract a %-decay spectrum without the need for a large
electrostatic spectrometer.

Most of the work on alternative experimental methods
is, however, focused on using microcalorimeters to study
rhenium %-decays (see Section 5.2) or holmium electron
capture decays (see Sections 5.3 and 5.4).Themain advantage
of using microcalorimeters lies in the source = detector
principle that allows to measure the complete decay energy
(excluding the energy carried away by the emitted neutrino)
as opposed to only measuring the kinetic energy of the decay
electrons. On the other hand the comparably slow signals
produced by calorimetric detectors bring the challenge of
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Figure 26: (a) Discovery potential of KATRIN as function of time for different neutrino masses. (b) Upper limit on neutrino mass at 90%
C.L. as a function of time.

of the large-scale test units have opened the possibility
to substantially reduce the systematic effects during the
long-term measurements with the final configuration, thus
improving the neutrino mass sensitivity of the experiment.

Beginning at the source-related components, an impor-
tant breakthroughwas the verification of the novel beam tube
cooling system. In a dedicated setup, consisting largely of
original components, the WGTS demonstrator, a tempera-
ture stabilization of the 10m long beam tube ofΔ"/" of≈10−4
was achieved by using two-phase neon fluid as cooling agent.
This is one order ofmagnitude better than specified. Together
with the achieved pressure stabilisation of the inner loop
mock-up of Δ$/$ of ≈10−4, this opens up the possibility of
reduced systematic errors from column density fluctuations
(this is one of the largest overall systematic errors). At present
the WGTS demonstrator is being reassembled to the final
WGTS cryostat.The finalWGTS assembly at KIT is expected
to be completed by the end of 2014. Further progress has been
made with regard to tritium analytics (LARA setup), as well
as the design of the rear section which will include extensive
control and monitoring units.

Major progress has also been achieved in thefield of large-
scale tritium retention. After the successful commissioning
of the DPS2-F cryostat, first tritium retention measurements
with a beam tube at room temperature have yielded exper-
imental flow suppression factors which are in very good
agreement with corresponding MC simulations. Due to the
malfunction of a protective diode of the superconducting
magnet system of DPS2-F, a new magnet safety concept
for all s.c. solenoids has been designed. This concept is
currently being implemented for WGTS and CPS, as well as
a fail-safe differential pumping section. The manufacture of
the cryopump CPS is well under way with assembly works
expected to be finished by the end of 2013.

In the spectrometer section, the extensive measurement
program with the prespectrometer facility has given impor-
tant insights into background reduction techniques, precision
electromagnetic layout, vacuum technologies, and high volt-
age stability. At present the prespectrometer is ready for beam
line integration.

The main spectrometer together with its external air coil
system and its inner electrode system, which was completed
at the beginning of 2012, is currently being prepared for test
measurements. These measurements will be focused first on

extensive background studies, with the objective to remove
any remaining small-scale Penning traps, to quantify the
contribution of cosmic muon induced background and to
study its signature by making use of external muon detectors.
An important aspect of the background studies will be the
identification of background due to stored electrons follow-
ing nuclear decays, and the optimisation of active and passive
background reduction techniques to limit the spectrometer
background to a level of <10−2 cps. Another important task
will be to map the transmission properties of the spectrome-
ter with an angular-selective electron gun. In all these inves-
tigations the recently commissioned focal plane detector sys-
tem with its excellent properties will be of vital importance.
Finally, the extensive software developments for simulation
and analysis tools are in an advanced state and the software
packages are continually being refined and extended.

After integration of all source-related and spectrometer-
related components, the first runs in the final KATRIN
configuration are expected in the second half of 2015.

5. New Approaches

While spectrometer experiments based on the MAC-E filter
principle [70] currently provide the highest sensitivities
in direct neutrino mass experiments, there are alternative
approaches that aim for comparable performance and better
scalability in the study of weak decays.

A very recent development is promoted by the Project
8 team (see Section 5.1) where tritium technology from the
KATRIN experiment is used in conjunction with microwave
antennas to detect coherent cyclotron radiation emitted by
individual decay electrons in a magnetic field. The aim is
to extract a %-decay spectrum without the need for a large
electrostatic spectrometer.

Most of the work on alternative experimental methods
is, however, focused on using microcalorimeters to study
rhenium %-decays (see Section 5.2) or holmium electron
capture decays (see Sections 5.3 and 5.4).Themain advantage
of using microcalorimeters lies in the source = detector
principle that allows to measure the complete decay energy
(excluding the energy carried away by the emitted neutrino)
as opposed to only measuring the kinetic energy of the decay
electrons. On the other hand the comparably slow signals
produced by calorimetric detectors bring the challenge of
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ª ECHo-1M gets underway 
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... and Beyond 

Diana Parno -- Direct Neutrino Mass Measurements 

Thank you! 

163Ho  
ª NuMECS data will test theory, detector modeling 
ª HOLMES target: 1.5 eV stat. sensitivity in 3 yrs 
ª ECHo-1M could reach <1 eV stat. sensitivity by 2021 

3H 
ª Design KATRIN sensitivity ~0.2 eV after 5 yrs 
ª Phase III of Project 8 (2016-2020) targets 2 eV in 1 yr 
ª Ultimate Phase IV of Project 8 could probe hierarchy 

with atomic tritium 


