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Search for neutrinoless double beta decay

Alan Poon (LBNL), Erice 2017

Zero-neutrino double beta decay (0νββ)

3

Experimental goals for 0νββ search: 

To establish/refute:
•  Neutrinos are Majorana fermion: 
•  Lepton number violation (LNV): ΔL = 2 

regardless of the dominant 0νββ mechanism.

⌫ = ⌫̄

“mass mechanism”

Probing	ν	mass with lab experiments:
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Double β-decay: 2νββ & 0νββ modes

electron energy [MeV]

2nd-order weak interaction processes:  
 ! extremely long half-lives: T½ ~ 1018…21 years for 2νββ, > 1025 years for 0νββ 
 ! 2νββ observed in 13 isotopes (first: β-β- in 82Se; recent: double EC in 130Ba, 87Kr)  
 ! 0νββ not observed so far

first description:

M. Goeppert-Mayer (1935) 
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G. Racah  (1937)  E. Majorana 

first description: 

0νββ
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Why study 0νββ? — If observed, …

Paul A. M. Dirac

Particle and 
antiparticle are 
fundamentally 
different!

Ettore Majorana

Particle and 
antiparticle in 
essence are the 
same!

• … lepton number violation (ΔL = 2) offers promising scenarios for baryogenesis. 
➜ Independent of underlying physics: “Matter-creating” process in the lab. 

• … the neutrino nature will be determined as Majorana type. 
➜ Seesaw mechanisms can explain the smallness of neutrino masses. 

• … we can learn about the neutrino mass scale from the observed half-life 
➜ “Black-box” theorem: Regardless of decay operator, always get a Majorana ν mass. 

Weare thus naturally lead to discuss alternativemechanisms of double beta decay, to be addressed in the
following section.

3.Neutrinoless double beta decay and short-rangemechanisms

Apart from the standard interpretationwhere amassiveMajorana neutrino is being exchanged between SM
V−A vertices, in principle any operator converting two d-quarks into two u quarks, two electrons and nothing
else and thereby violating lepton number by two units will trigger the decay. This does notmean, however, that
neutrinoless double beta decay and the questionwhether the neutrino possesses aMajoranamass are totally
decoupled: the observation of neutrinoless double beta decay demonstrates that lepton number is violated by
two units. Such LNV implies that neutrinos have to beMajorana particles. This has been proven by the so-called
black box theorem [60–64]which states that the 0nbb diagram can always be inserted in an SM loop diagram
giving rise to radiatively generated neutrinomasses (seefigure 4): thus if neutrinoless double beta decay is
observed, aMajorana neutrinomass term is generated at four-loop order, even if the underlying particle physics
model does not contain a tree-level neutrinomass. Of course this contribution to the neutrinomass is rather
small [65], namely of order G m16 10F u d e

4 2 4
, ,

5 25( )p ~ - eV, and thus clearly neither the dominant contribution to
neutrinoless double beta decay nor to neutrinomass itself. Note that this four-loop contribution is only the
minimal, guaranteed connection between neutrinomass and double beta decay arising in any scenario with

L 2eD = LNV. Explicitmodels leading to 0nbb can generate neutrinomass at tree, 1-, 2- or 3-loop level.
Depending on themodel, the neutrinomasses generated in this way can lead to a comparable, sub-dominant or
dominant neutrino contribution to the decay, and/or to amain, sub-leading or negligible contribution to
neutrinomass. For a comparative analysis of all scalar-mediatedmodels based on the SMgauge group see [66].

Themost general decay rate contains all combinations of leptonic and hadronic currents induced by the
operators

1 , 1 ,
i

2
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allowed by Lorentz invariance. Themost general operator inducing the decay can be parametrized in terms of
effective couplings ε parametrizing interactionswhich appear point-like at the nuclear Fermimomentum scale
(the inverse size of the nucleon) 100 MeV.( )' Figure 5 displays the decomposition of the general decay
amplitude into the standard interpretation (contribution (a)with a lightMajorana neutrino being exchanged
between two SMweak interaction vertices), contribution (b)with a lightMajorana neutrino being exchanged
between one effective operator vertex and an SMweak interaction vertex, contribution (c), which contains two
non-SMvertices and can be neglectedwhen compared to contribution (b), and contribution (d)with a single
point-like dimension nine operator [67, 68].

We can estimate the energy scale of short-range diagramswhich can lead to comparable double beta decay
lifetimes comparedwith the standard interpretation. The standard diagramdiscussed in section 2 has an
amplitude of order G m q .F ee

2 2∣ ∣ If the decay ismediated by particles heavier than the characteristicmomentum
scale of q 100 MeV,� then the corresponding amplitude is c M ,5 whereM is themass of those particles and c a
combination offlavor and possible gauge coupling parameters. Hence, for c of order one andM of order TeV
this amplitude equals the current limit on the standard amplitude (ignoring here a small suppression of the
nuclearmatrix elements for short-range diagrams):

T m T M1 eV 1 TeV . 151 2
0

1 2
0( ) ( ) ( )= =nbb

n
nbb�

In the case where variousmass scales enter the decay amplitude the sensitivity of 0nbb decay can be significantly
enhanced, for example the bound of the standard interpretation extrapolated into the heavymass regime

Figure 4.Black box theoremdepicted as a Feynman diagram: neutrinoless double beta decay always induces a neutrinoMajorana
mass (from [12]).
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|Ue1|2 · m1

 mββ is the coherent sum over mass eigenstates m1, m2, m3:

by contrast: mβ in single β decay is 
formed by incoherent sum 
(no cancellations): 
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 0νββ & Majorana mass mββ 

 2 independent Majorana CP-phases αi  
    ! cancellations are possible 
         if αi ≠ n · π  ➜ CP violation



K. Valerius:  Neutrino physics6

32 33 34 35 36
Z

-68

-70

-72

-74

-76

�
[M

eV
]

76Ge

76As

76Se

76Br

76Kr

Q��
��

�

Q��Energy

E
ve
nt
s

2⌫��

0⌫��

Figure 1: Left : mass excess � = (ma � a) · u for isobars with mass ma and mass
number a = 76, where u is the atomic mass unit. Even-even nuclei are distributed
on the lower curve, odd-odd nuclei on the top one. Right : experimental signature for
the 2⌫�� and 0⌫�� decay.

distinguishing between the two electrons, hence the 2⌫�� decay spectrum is contin-
uous (Fig. 1, right). In the case of the 0⌫�� decay, the total available energy is only
shared by the two electrons. Therefore its signature is a peak at Q�� (Fig. 1, right).

Assuming that only the three known light neutrino participate in the 0⌫�� decay,
the parameter of interest is the so-called e↵ective neutrino mass, given by:

|m��| =
����

3X

i=1

U2
eimi

���� (1)

where U is the PMNS mixing matrix and mi are the neutrino mass eigenstates. The
e↵ective mass is connected to the 0⌫�� decay half life via the relation:

1

T 0⌫
1/2

= G0⌫g4A|M0⌫ |2 |m��|2

m2
e

(2)

where G0⌫ is the phase space integral, gA the coupling constant, |M0⌫ | the nuclear
matrix element, and me the electron mass.

For a given mass m and a measurement time t, the number of signal counts ns is:

ns =
1

T 0⌫
1/2

NA ln 2

ma
fenr · fAV · "� · "psd ·mt (3)

Here NA is the Avogadro number, ma and fenr are the atomic mass and enrichment
fraction of the considered isotope respectively, fAV is the detector active volume,

2

Double beta decay: candidate nuclides

Bethe-Weizsäcker mass formula: pairing term difference in isobars with even mass 

[from G. Benato]

uu parabola
ee parabola

mass parabolas for A=76 isobars:

K. Valerius, KIT-IKPAT 2210

Doppelbetazerfall – Einführung 

■ Doppelbetazerfall (2νββ & 0νββ): nur bei gg-Kernen beobachtbar,  
   bei denen der einfache β-Zerfall energetisch nicht möglich ist (Rate!)
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Double beta decay: candidate nuclides

β-β- decay Q [MeV] nat. [%]
48Ca → 48Ti 4,274 0,187

76Ge → 76Se 2,039 7,8
82Se → 82Kr 2,995 9,2
96Zr → 96Mo 3,348 2,8

100Mo → 100Ru 3,034 9,6
110Pd → 110Cd 2,004 11,8
116Cd → 116Sn 2,809 7,5
124Sn → 124Te 2,288 5,64
130Te → 130Xe 2,527 34,5
136Xe → 136Ba 2,458 8,9

150Nd → 150Sm 3,368 5,6

β+β+ decay Q [MeV] nat. [%]
78Kr → 78Se 0,838 0,35

96Ru → 96Mo 0,676 5,5
106Cd → 106Pd 0,738 1,25
124Xe → 124Te 0,822 0,10
130Ba → 130Xe 0,534 0,11
136Ce → 136Ba 0,362 0,19

➜ even longer expected T1/2

• 35 naturally occurring nuclides capable of undergoing double beta decay  
• Decay rate for 0νββ scales as ~Q5 ; also: copious backgrounds below ~2.6 MeV

11 nuclei for 2νβ-β- at Q > 2 MeV:             6 nuclei for 2νβ+β+/EC at lower Q:
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Double β-decay & Majorana mass mββ 

1
20

2

2
0

0
00

2/1

2
||),(

−

""
#

$
%%
&

'
−⋅⋅= ßß

F
A

Vßß
GT

ßßßß
ßß M

g
gMZEGTm νννν

phase space factor  

- weak interaction (phase space factor): G0νββ 

      ! determined by ββ-endpoint energy; strong dependence ~Q5 

nuclear matrix elements

- nuclear physics (matrix elements): M0νββ 

       ! shell model calculations, difficult to reduce large uncertainties

experimental value of 
0νββ half-life 

- experimental observable: T½ 
      ! 0νββ event number depending on measuring time,  
          number of target nuclei, experimental efficiency, background

Gamov-Teller and Fermi
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Sensitivity drivers

T 0⌫
1/2(FOM) / a · ✏ ·

r
M · t
b ·�E

Requirements:

• Large isotopical abundance (a) 

• High efficiency (ϵ) 

• Large Mass (M) 

• Long counting time (t) 

• Low background (b) 

• Good energy resolution (ΔE)

➜  Many suitable combinations for 
isotope + detector technology

➜  If ROI is background free: 
linear scaling with M and t ! 

T 0⌫
1/2(FOM) / a · ✏ ·M · t
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Experimental techniques
Ge diodes

Liquid scintillatorNoble element TPC

Tracker-calorimeter
Cryo-bolometer

NEMO-3 -> Super-NEMO

GERDA, MAJORANA 
-> LEGEND

CUORE -> CUPID

KamLAND-Zen, SNO+(liquid:) EXO-200 -> nEXO
(gas:) NEXT/ PANDA-X III
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Current constraints

[from M. Agostini, Erice 2017; adapted from Dell’Oro et al, Adv. H. Energy Phys. 2016]

Most stringent bounds now 
approaching inverted hierarchy

Next generation has good 
discovery potential, even for 
normal hierarchy: 
 
see 
- Agostini, Benato, Detwiler, PRD 2017 
- Caldwell, Merle, Schulz, Totzauer, 

arXiv:1705.01945 

- Ge, Rodejohann, Zuber,  
arXiv:1707.07904 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Germanium diodes: MAJORANA and GERDA

Alan Poon (LBNL), Erice 2017

76Ge experiments

7

MAJORANA

Conventional design: 

Vacuum cryostats in a
passive graded shield
with ultra-clean materials

GERDA 

Novel design: 

Direct immersion 
in active LAr shield

Agostini
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44 kg of Ge crystals (88% 76Ge), ΔE ~0.1%

36 kg of Ge crystals (87% 76Ge), ΔE ~0.2%
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• Combined analysis GERDA phase I + II 
• “Background-free” running in phase II 

• Two counts after unblinding 
• No count at Qββ 

• T1/2 > 8.0 x 1025 yr  (90% CL)

• Next-generation project: LEGEND 
“Large Enriched Germanium Experiment 
for Neutrinoless ββ Decay” 

• Staged approach, starting with ~200 kg 
in existing GERDA cryostat 

• Final goal: 1000 kg-scale detector for 
sensitivity >1027 yr 

• Background improvement required: x30 
(x5 for LEGEND-200)

Germanium diodes: results
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Liquid Scintillator: KamLAND-Zen

[from M. Agostini, Erice 2017]
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Liquid Xenon TPC: EXO-200

ground pot.                              cathode                         photodiodes

ionisation

scintillation 
λ = 178 nmED = 380 V/cm

Induction

Collection

• Enriched Xenon Observatory at WIPP/New Mex., running ~175 kg of LXe (80.6% 136Xe) 
• More than a calorimeter: spatial resolution (x,y,z) and PID allows discrimination of 

multi-site (bg-like) vs. single-site (0νββ-like) events 
• Anticorrelation of charge and light signals (compare DM detectors), tags α events 

• Now preparing nEXO:  5-ton monolithic detector (~1 t fiducial),  
1.3 m electron drift length, ~4 m2 of SiPM photosensors, option of 136Ba tagging
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Tracking-Calorimeter: SuperNEMO

5-7 kg enriched 
source material

B ~2.5 mT 
+ TOF

(a) Simulated 0⌫�� event. Circles show
drift radii; colours indicate timing.

(b) 2 reconstructed electrons, showing
tracker drift radii and calorimeter hits.

Figure 5: Simulated 0⌫�� events in the SuperNEMO event viewer

5 Software and analysis

SuperNEMO’s simulation and reconstruction software have been used to perform sen-
sitivity studies, confirming initial predictions, and to evaluate the e↵ects of potential
sources of background contamination. The event display (figure 5), which visualises
and displays information about simulated and reconstructed calorimeter hits, has al-
lowed us to study how signal and background events will present themselves in the
detector, enabling us to improve our event selection.

6 Conclusion

SuperNEMO’s Demonstrator Module is currently being installed and commissioned
at LSM, and will begin taking data in 2017. A stringent radon mitigation strategy
gives us ultra low backgrounds, with a projected Majorana mass sensitivity of 200-400
meV in 2.5 years of running.
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β-β- reconstruction demonstrator module

• Successor of NEMO-3 at Laboratoire Souterrain de Modane (LSM) 
• Baseline isotope: 82Se, foils can be exchanged (high Q-values: 150Nd, 48Ca) 

• Unique feature: tracking allows to detect ββ-signature (vertex) 
• Demonstrator (= 1st module) currently in commissioning, first data end of 2017 

• Design sensitivity: T½ > 1026 a, mββ ~50-100 meV
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Cryogenic bolometer technique

• Electrons create phonons/heat in absorber (e.g., TeO2 crystal)  
• Heat capacity: ~(T/TD) 3 (Debye Law) 
• Example:  

• Operating temperature: 10 mK 
• Temperature change per energy: 10 – 20 µK/MeV  

• At Qββ = 2.5 MeV  "  ΔT < 50 µK
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Cryogenic bolometer: CUORE

• First ton-scale 0νββ exp. with thermal detectors; at Gran Sasso underground laboratory 

• TeO2 detectors & cryo-technology piloted by Cuoricino & CUORE-0 (~40 kg) 

• Since Feb. 2017: operation of 988 detectors at T ~7 mK 

• Total mass: 742 kg of TeO2 ➜ 206 kg of 130Te  

19 towers  x 13 planes x 4 crystals = 988 crystals

single detector: 5×5×5 cm3, 750 g 
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Cryogenic bolometer: CUORE

19 towers  x 13 planes x 4 crystals = 988 crystals

cryogenic platform with helium dilution cryostat

The coldest cubic meter in the Universe! 
CUORE: at ~10 mK 

Cosmic microwave background: 2.7 K
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Cryogenic bolometer: CUORE
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Depending on the Nuclear Matrix Element (NME) calculations, this translates 

in the following upper limit range for the effective Majorana mass:

m
ββ

 < 210 – 590 meV

Experiments
130Te: 6.6 × 1024 yr from this analysis
76Ge: 5.3 × 1025 yr from Nature 544, 47–52 (2017)
136Xe: 1.1 × 1026 yr from Phys. Rev. Lett. 117, 082503 (2016)
100Mo: 1.1 × 1024 yr from Phys. Rev. D 89, 111101 (2014)
CUORE sensitivity: 9.0 × 1025 yr 

NME
Phys. Rev. C 91, 034304 (2015) 
Phys. Rev. C 87, 045501 (2013) 
Phys. Rev. C 91, 024613 (2015) 
Nucl. Phys. A 818, 139 (2009)  
Phys. Rev. Lett. 105, 252503 (2010) 
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We combined the CUORE result with the previous ones from Cuoricino and 

CUORE-0, obtaining the best lower limit to date on 130Te 0νββ half life:

��1/2
0  ⇥> 6.6 x 1024 y  (90%C.L.)

First CUORE science 
run, combined with 
Cuoricino + CUORE-0:

for 5 years of data
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Direct kinematical measurements of weak decays

Probing	ν	mass with lab experiments:
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Direct kinematic determination of m(νe)
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dE = C F (Z,E) p (E +me) (E0 � E)

P
i |Uei|2

p
(E0 � E)2 �m2(⌫i)

Spectral distortion measures  
“effective” mass square:
m2(⌫e) :=

P
i |Uei|2 m2

i

Key requirements: 
• Low-endpoint β/EC nuclide: 

E0 = 18.6 keV for 3H, 
              2.8 keV for 163Ho 

• High-activity source: 
T1/2 = 12.3 yr for 3H, 
          4.5 kyr for 163Ho 

• Excellent energy resolution 
(MAC-E filter or calorimeter)

Kinematic measurement can probe for 
heavier neutrino states  
➜ eV-scale and keV-scale sterile ν
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Moore’s Law of direct neutrino mass searches

Courtesy J.F. Wilkerson/R.G.H. Robertson

tritium (3H) 
β spectroscopy

rhenium (187Re) 
β calorimetry

Mainz (2005, final result) 
m(νe) < 2.3 eV (95% CL) 
C. Kraus et al., EPJ C40:447

Troitsk (2011, re-analysis) 
m(νe) < 2.05 eV (95% CL) 
V. N. Aseev et al., PRD 84:112003

present limits (2 eV)

upcoming (KATRIN: 200 meV)

future approaches

ν ruled out as DM

degeneracy scale

hierarchy scale
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Magnetic Adiabatic Collimation & Electrostatic Filter 
➜  integrating electrostatic filter (Ekin > eU0) 
➜  “clean” (analytic) response function 
➜  ΔE < 1 eV at 18.6 keV

High-resolution β spectrometer

solenoid

source detector

electrode

analysing plane

solenoid

[Beamson et al. 1980; Kruit & Read 1983; Lobashev 1985; Picard et al. 1992]

8  Direct ν-mass experiments        K. Valerius (KIT)        30.09.2014 

Spectroscopic technique for tritium β-decay

MAC-E filter technique

Magnetic Adiabatic Collimation with Electrostatic filter
Picard et al., NIM B63 (1992) 345

Sharp high-pass filter:

μ =
E⊥

B
= const.

Combination of high luminosity

and high energy resolution: 

ΔE
E

=
Bmin

Bmax
=
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20000

(at KATRIN)
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Steps of filter potential

→ integrated β spectrum
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windowless  
gaseous T2 source  

1011 e- / s

tritium pumping  
& e- transport

high-res. electron 
spectrometer

electron 
detector  
< 1 e- / s

The Karlsruhe Tritium Neutrino Experiment

Sensitivity: 2 eV ➜ 0.2 eV 
‣ Improvement x100 in statistics and systematics 
‣ Background comparable to predecessors 
‣ 70 m total beam line
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Status of the KATRIN source

Sept. 2015

KIT – The Research University in the Helmholtz Association

tritium 
injection

30 Kelvin

3.6 Tesla

e-

tritium
pumping

tritium
pumping

longitudinal source profile (approx.)

T
2
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o
le
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u
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Thermodynamic properties of the KATRIN 
Windowless Gaseous Tritium Source
Moritz Hackenjos, Institute of Technical Physics (ITEP), for the KATRIN Collaboration, moritz.hackenjos@kit.edu

The KATRIN Windowless Gaseous Tritium Source (WGTS)

Tasks
• Achieve a source activity of 1011 Bq

(0.1% stability) 
• Guide adiabatically the decay electrons

Closed tritium cycle

in

out

Superconducting magnets 3.6 T

DPS1-R DPS1-FWGTS

D
en

si
ty

out

out

out

Temperature requirements
• Temporal stability: ΔTt ≤ 30 mK
• Homogeneity: ΔTh ≤ 30 mK

Source activity function of
• Tritium gas purity (> 95%)
• Column density( 1 – 5 ∗1017 cm-2)

Doppler effects dominate T > 33 K 

Cluster effects dominate T < 27 K 

Column density function of
• Tritium inlet pressure
• Beam tube temperature
• Pumping performance

The beam tube cooling 27 – 30 K

Neon 
gas 

supply

Vapour pressure 
sensor

Pt500

1.7·1011 Bq

Stand alone commissioning

• Test of beam tube 2-phase neon cooling system
• Pt500 in-situ calibration with vapour pressure sensor
• Measurement of temperature homogeneity

Length of beam tube

𝑒−

𝑒−

2-Phase 
neon 
pipes

Cold beam tube

Gaseous neon

Liquid neon

Helium 
gas in

Helium 
gas out

Thermo
siphon T2
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9

Superconducting coil

Insulation vacuum 
chamber < 105 mbar

Outer shield LN2 77 K

Inner shield He ~30 K

LHe vessel 4.2 K

Beam tube ~30 K

The KATRIN experiment

𝑒−

T2

T-cluster

𝑒−

WGTS Transport section Main spectrometer𝑒−

stability 0.1%

Sensitivity: 200 meV (90% C.L.)

Length of beam tube

30 K

Gaseous molecular tritium source of 
• high activity (~170 GBq) 
• high isotopic purity (εT  > 95%) 
• high stability (0.1%)

• 2-phase neon cooling concept fully validated 
• ~800 sensors & valves tested successfully
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‣ Fully adiabatic, lossless electron transport in 5.6 T magnetic field 
‣ Reduction of T2 flow rate to spectrometers by factor >1014: 

magnetic chicane with differential and cryo-pumping 
‣ Ion diagnostics & ion flux blocking by electrostatic barrier

Transport & pumping sections

Differential Pumping Section

T2

Ar

argon frost at 3-4 K

Cryogenic Pumping Section

July 2015
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KATRIN main spectrometer

Inner electrode system

Large Helmholtz coil system

solenoid

electrode
analysing plane

solenoid

Magnetic Adiabatic Collimation and Electrostatic Filter

�E

E
=

B
min

B
max

2016 JINST 11 P04011

Figure 3. Left: arrival of the KATRIN Main Spectrometer vacuum vessel at the Karlsruhe Institute of
Technology. One of the 50-cm-long DN200 ports is indicated. Right: location of the main vacuum pumps
in one of the three pump ports.

that are formed from titanium sheet metal are maintained at the vessel potential. These so-called
anti-Penning electrodes act as shielding in the high-field region to prevent deep Penning traps from
forming.

The wire-electrode system consists of 23,440 individually insulated wires (see figure 4). It
is used for fine-tuning the electrostatic field, preventing Penning traps, and providing the axial
symmetry of the field [25]. With the wires being at a potential that is 100 V lower than the vessel,
the system is also responsible for the electrostatic rejection of electrons created by cosmic muons
or radioactive decays at the wall of the vessel. The wires are strung on 248 stainless steel frames
(“modules”). In most of these electrode modules the wires are strung in two layers. In addition the
electrode system is subdivided both in the axial direction and in the vertical direction into several
sections. This allows for a gradual adjustment of the electric potential in the axial direction, and
for applying short dipole pulses regularly to remove magnetically trapped electrons from the MS.
Modules belonging to the same section share the same voltages for their wire layers. Each section
contains between 4 and 50 modules.

The high voltage vacuum feedthroughs are mounted at DN200 ports above the di�erent sections.
Inside the vacuum volume, the feedthroughs are connected with 1.5-mm diameter stainless steel
(Inconel®) wires to the insulated connectors at the distribution panels that are attached to the
frames of the electrode modules underneath the respective ports. Copper-beryllium (CuBe) rods
with a diameter of 3 mm distribute the voltages from the distribution panels to the corners of the
first module of a section, where further distributions to neighboring modules are achieved via
spring-loaded contacts and short wires.

Short circuits between wire layers would reduce the e�ciency of background rejection, while
a broken wire, which may electrically short to the vessel, would render both the fine tuning of
the field and the rejection of backgrounds ine�ective. Special care and extensive quality control
measures were taken to build a robust wire-electrode system, in particular with regard to the stress
on the numerous wires and interconnects during the bake-out of the vacuum system.
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UHV system for ~1250 m3 spectrometer
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Institute for Nuclear Physics (IKP) 6 23.02.2016 

Overview background processes 

Florian Fränkle, “Background processes in MAC-E filter” 

XLVII Arbeitstreffen Kernphysik 2016, Schleching, Germany 
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NR 

• 8 sources of background investigated and understood 
• 7 out of 8 avoided or actively eliminated by  

-  fine-shaping of special electrodes 
-  inner electrode (wire grids on neg. potential) 
-  symmetric magnetic fields 
-  cold traps (LN2-cooled baffles to remove 219Rn)

• 1 out of 8 remaining:  
210Pb on spectrometer walls 
(thermal ionisation of neutral H* atoms) 

• Countermeasures: 
    - extensive bake-out (done) 
    - irradiation by strong UV source     
      (ongoing investigation)

(✓)

Spectrometer-related backgrounds
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KATRIN milestone:  
gearing up for tritium with 83mKr

KATRIN krypton campaign: 3-19 July 2017

83
36

3.3 Applications of 83mKr for energy scale calibration and monitoring 43
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Figure 3.5: The conversion electron spectrum of 83mKr [McC15]. Shown are the summed inten-
sities per 83mKr decay of conversion electrons which are of the same nuclear transition and
from the same electron shell. The Auger electrons with the energies of 1.5 keV and 10.8 keV,
which are also emitted in the decay, are not shown.

described by the Lorentzian function

I(E) =
1

⇡

�i/2

(E � Ei)2 + �2

i /4
, (3.42)

where �i is the full width at half maximum (FWHM) which is related to the mean lifetime
of the vacancy ⌧i through the “energy-time uncertainty relation” �i⌧i = ~. The values
�i range from a few tens of meV for the outer shell electrons (longer lifetime) to a few
eV for the inner shell electrons (shorter lifetime) [Cam01]. The FWHM of the K-32
line is �

K

= 2.7 eV. Fig. 3.6 shows the di↵erential K-32 line shape I(E) as described
by Eq. (3.42) with5 E

K

= 17 824.3 eV. In the same figure the integral spectrum S(qU),
Eq. (2.9), of the conversion line is shown as observed by the MAC-E filter with the
transmission function in Eq. (2.8) and the KATRIN magnetic field configuration.

3.3 Applications of 83mKr for energy scale calibration
and monitoring

As described in detail in Section 2.2 the electrostatic barrier facing the electrons in the
MAC-E filter is created by a set of retarding electrodes at high negative potential. Thus,
fluctuations of the retarding field caused by instability of the high-voltage system are a
potential source of energy scale distortions. Similarly, variations of the electrical potential

5 The binding energy for a free krypton atom is B

vac
K = 14 327.26(4) eV [Dra04] and the gamma photon

energy is taken from Eq. (3.48a).
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83mKr 83Rb

    EC:  
T1/2 = 86 d41.6 keV

9.4 keV

IC, ! 
T1/2 = 1.8 h

IC, !stable

System characterization with 
mono-energetic & isotropic CE: 
sharp transmission of MAC-E filter, 
detector properties, system alignment, 
absolute energy scale calibration, …

Hardware readiness 
from source to detector 
with 83mKr as short-lived 
“tracer”

Data chain from raw 
data & slow control 
parameters to  
high-level analysis tools

narrow (< 2 eV) CE lines at 7 … 32 keV
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Three complementary krypton sources at KATRIN

1. Gaseous 83mKr source 
• Krypton decays inside 

WGTS beam tube (100 K) 
• Homog. spatial distribution 
• Ca. 1 GBq 83Rb

NPI Řež

July 2017

2. Condensed 83mKr source 
• Thin film on cold substrate 
• Spot-like source, can be 

moved across flux tube 
• Ca. 1 MBq 83Rb

U Münster

July 2017

3. Implanted 83mKr source 
• Parallel measurement 

at Monitor Spectrometer 
• Excellent stability proven 

over several years

since 2012

U Bonn & NPI Řež
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preliminarypreliminary

L3-32 line (30.47 keV, Γ ~1.4 eV) K-32 line (17.8 keV, Γ ~2.8 eV)

• Example runs (two out of many line scans) 

• Only central detector ring shown (x30 more statistics available) 

• High-resolution scans of narrow N2,3-32 doublet (670 meV hyperfine splitting, 
sub-eV natural widths, background-free at 32 keV) currently being analyzed

Line stability & absolute calibration  
(gaseous Kr source)
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Line stability & absolute calibration  
(gaseous Kr source)

preliminary

stability	goal	for	2-month	run	
• Line position stability (L3-32) well 

within KATRIN goal of ± 60 meV 
➡ Excellent stability of Krypton 

source and HV system

• Absolute calibration of HV divider with nuclear standard 

• Line position difference L3-32 — K-32 
→ source-related systematics cancel 
→ ~5 ppm preliminary uncertainty on energy scale  
(very good agreement with 2013 PTB calibration value!)

TAUP Conference, July 2017
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“Rear Section”: major importance for systematics control

Integration of Calibration and Monitoring System

Kerstin SchönungWork function studies of Rear Wall candidates using a 
Kelvin Probe

06/18/20153

Rear Wall determines the WGTS plasma 
potential

e

Rear wall

The potential of the source plasma and 
the spectrometer must be equally 
extremely stable

If Rear Wall is positively biased, its 
work function determines the plasma 
potential of WGTS

Careful testing of the Rear Wall is 
required…

EVac

FS

eS

EVac

FS

eS

Rear Wall: Au surface creates 
stable and homogeneous 
electrostatic potential (~10-20 mV) 
in the source plasma∅ 150 mm

under 
construction

Precision e- source:  
regular column density monitoring 
+ determination of energy loss function (scattering)
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“Rear Section”: major importance for systematics control

Integration of Calibration and Monitoring System

Kerstin SchönungWork function studies of Rear Wall candidates using a 
Kelvin Probe

06/18/20153

Rear Wall determines the WGTS plasma 
potential

e

Rear wall

The potential of the source plasma and 
the spectrometer must be equally 
extremely stable

If Rear Wall is positively biased, its 
work function determines the plasma 
potential of WGTS

Careful testing of the Rear Wall is 
required…

EVac

FS

eS

EVac

FS

eS

Rear Wall: Au surface creates 
stable and homogeneous 
electrostatic potential (~10-20 mV) 
in the source plasma∅ 150 mm

under 
construction

Precision e- source:  
regular column density monitoring 
+ determination of energy loss function (scattering)

[see Behrens et al., EPJ C77 (2017) 410; 
PhD theses Behrens, Erhardt, Barrett, Wierman, Kraus] c. Philipp Ranitzsch
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Towards tritium data-taking with KATRIN

Tritium data-taking: start in 2018  
KATRIN inauguration ceremony: June 11, 2018 (after NEUTRINO’18 at Heidelberg)

Physics commissioning 
e.g. energy loss measurement
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• Relative shape measurement 
of integrated β spectrum 

• 4 fit parameters: 
m2
ν      , E0 , AS , RBg
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5σ simulated signal

3 yrs (5 cal. yrs) to balance 
statistics and systematics

at design parameters:
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Complementarity

10-3 10-2 10-1

mνe
 [eV]

10-1

100

Σ 
m

ν [e
V

]

NO IO

K
A

TR
IN

 sens

Planck + BAO + ...

10-3 10-2 10-1 100

mee [eV]

NO IO Xe

Ge

0‹—— : Ge: GERDA + HDM + IGEX, Xe: KamLAND-Zen + EXO
ranges due to NME compilation from Dev et al., 1305.0056
cosmology: Planck Dec. 2014

T. Schwetz 69

current direct lim
it:   2 eV

ongoing experim
ents

new
 ideas

Several new avenues:

CRES technique Micro-calorimeters

ToF spectro
scopy

Future prospects in direct neutrino mass search

Challenges for further improvement: 
• Opacity of gaseous T2 source (already optimised for KATRIN, ~40% no-loss e-) 
• MAC-E filter measures integral beta spectrum 
• Molecular final state excitations (vib: ~100 meV) as ultimate limitation for T2
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Frequency-based 
approach
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Non-destructive measurement of 
electron energy via cyclotron 
frequency:

!(�) =
!c

�
=

eB

Ekin +me

UW Seattle, MIT, UCSB, 
Pacific NW, CfA, Yale, 

Livermore, KIT, U Mainz

Novel Technique: CRES

3H-3H
B⃗

• Enclosed 
volume

• Fill with 
tritium gas

• Add a 
magnetic 
field

• Decay 
electrons 
spiral 
around 
field lines

• Add 
antennas 
to detect 
the 
cyclotron 
radiation

e-

Cyclotron Radiation Emission Spectroscopy

B. Monreal and J. Formaggio, Phys. Rev. D80 051301 (2009) 5

low-pressure 
gas cell 

uniform B-field, 
magnetic trap 

antenna array

Cyclotron Radiation Emission Spectroscopy  
(CRES)

M.	Fertl Trento	4/7/2016

Review of the phase 1 insert

4

52	mm

Phase I system

➜ Proof of principle of CRES technique
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initial trapping 
of ~ 30 keV 
83mKr electron

steady energy 
decrease by 
cyclotron emission
~1 fW radiation loss

collisions with 
residual gas

ΔE ≈ 14 eV

Project 8: phase I results

First observation of cyclotron radiation from single keV electrons

[Asner et al., PRL 114 (2015) 162501; La Roque et al., NEUTRINO 2016]

III. Data analysis procedure

VI. References

I. What is CRES?

Results from the Project 8 Phase 1 Cyclotron 
Radiation Emission Spectroscopy Detector

Pr
oj
ec
t 
8

II. The Phase 1 System

IV. Improved Resolution V. Sidebands

f = fc
γ

= 1
2π
i

eB
K / c2 +me

fc = 27 992.49110(6)MHz T
−1

The cyclotron frequency for a charged particle is inversely proportional to its 
Lorentz factor. Therefore, measuring the frequency of an electron’s cyclotron 
radiation, combined with knowledge of the magnetic field, provides an in situ 
measurement of the electron’s energy. This technique was proposed for use in 
tritium beta decay spectroscopy in 2009 [1] and has subsequently been 
demonstrated using internal conversion electrons from Kr-83m [2].

[1] B. Montreal and J.A. Formaggio, “Relativistic cyclotron radiation detection of tritium decay 
electrons as a new technique for measuring the neutrino mass,” Phys. Rev. D 80, 051301 (2009)
[2] D.M. Asner, et al. (Project 8 collaboration), “Single-electron detection and spectroscopy via 
relativistic cyclotron radiation,” Phys. Rev. Lett. 114, 162501 (2015)
[3] Figure modified from here: http://wswww.physik.uni-mainz.de/werth/g_fak/penning.htm

For each 30 microsecond time window, a power 
spectrum is computed and each frequency bin is 
compared to a threshold defined as a fixed power 
above the RMS noise power for that bin

Density-based scanning of all points above 
threshold is used to find line segments of 
continuous excess power

Individual tracks from individual electrons are 
grouped across discrete frequency jumps 
corresponding to the electron scattering.

dN
dE

= GF
2

2π 3 cos
2 θC( ) M 2 F Z,E( ) p E +mec

2( ) E0 − E( ) E0 − E( )2 −mν
2 Θ E0 − E −mν( )

Counterclockwise from left:
• Photo of the entire phase 1 system
• Photo of the source section of the 

waveguide insert
• Illustrated cross-section of the 

source section
• Illustration of the motion of a 

confined electron
• Block diagram of analog signal 
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Prior to data collection in 2015 several changes were made. The 
analog mixing stages were rebuilt using higher quality components, 
reducing the noise floor. Also, a two higher-field trap configuration 
was adopted which reduced axial frequency, allowing sidebands to 
be observed simultaneously with the fundamental.
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[3]

Data collected in 2015 using a pair of 
trapping coils to create a pair of high 
field regions which are coaxial but 
offset along the main field. Here the 
observed FWHM is 3.3 eV.

Spectrum of data collected in 2014 [2] 
using a single trapping coil to generate a 
central low field region. This first 
demonstration of CRES achieved a 
FWHM of 140 eV at 30.4 keV in the full 
spectrum, and 15 eV in a configuration 
with a more uniform magnetic field.

A. Ashtray Esfahani, S. Böser, C. Claessens, L. de Viveiros, P.J. Doe, S. Doeleman, M. Fertl, E.C. Finn,
J.A. Formaggio, M. Guigue, K.M. Heeger, A.M. Jones, K. Kazkaz, B.H. LaRoque, E. Machado, B. Monreal,
J. Nikkel, N.S. Oblath, R.G.H. Robertson, L.J. Rosenberg, G. Rybka, L. Saldaña, P. Slocum, J.R. Tedeschi,
T. Thümmler, B.A. Vandevender, M. Wachtendonk, J. Weintroub, A. Young, E. Zayas

83mKr lines 
at 3.3 eV (FWHM)
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Project 8: staged approach
Phase II

Phase III

Phase IV

• Phase I (2010-2016): proof of principle  
Single-electron CRES demonstrated 
with conversion electron lines from 83mKr 

• Phase II  (2015-2017):  
tritium demonstrator 
- Improved waveguide, read-out, 

energy resolution, systematics study 
- Continuous T2 β-spectrum, m(νe) ~ 100 …10 eV 

• Phase III (2016-2020):  
large volume demonstrator 
- Conceptual design for “open” receiver array, MRI magnet 
- 105 Bq in 200 cm3 volume (10 cm3 effective) 
- Tritium data competitive with m(νe) ~ 2 eV (1 yr) 

• Phase IV (2017+): atomic tritium source 
- R&D for large-volume (200 m3) atomic tritium source  

(< 1 K), magnetic confinement 
- goal: sub-eV sensitivity at inverted hierarchy scale
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Calorimetric 
approach  

using 163Ho
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ν-mass from 163Ho electron capture

eν

Electron Capture: 163Ho
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X-ray photons

                  

163Ho → 163Dy* + νe 

Low QEC ~2.8 keV and T1/2 ~ 4570 years

Auger electrons
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calorimetric 
measurement

Challenges: 
• Production & purification of isotope 163Ho 
• Incorporation of 163Ho into high-resolution detectors 
• Operation & readout of large calorimeter arrays 
• Understanding of calorimetric spectrum  (nuclear & atomic physics + detector response) 

[L. Gastaldo]
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Temperature sensors — technologies

Resistance	of	highly	doped	semiconductors

R

T

R

T

Resistance	at	superconducting	transition,	TES

Magnetization	of	paramagnetic	material,	MMC

M	

T

B

[Cryogenic Particle Detection, (ed. C. Enss), Topics Appl. Phys. 99 (Springer, 2005)] 

India Slovakia 
Hungary Russia

CERN

NuMECS
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World-wide efforts in 163Ho-based ν-mass search

- Testing concepts of  
163Ho-incorporation  
and TES read-out 

- ΔE ~ 35 eV achieved 

- sensitivity: mostly R&D up 
to now, maybe large array?

India Slovakia 
Hungary Russia

CERN

TES

Au-absorber 
with 163Ho

- Metallic Magnetic Calorimeters  
- ΔE < 5 eV achieved 

- m(ν) sensitivity:  
10 eV with ECHo-1k (2015-18) 
sub-eV with ECHo-10M

- Transition Edge Sensors 
→ detectors from NIST 
→ implanting at Genoa  
→ cryostat at Milano 
- ΔE ~ 1 eV design 

- sensitivity: m(ν) ~ 1 eV  
2018-20

NuMECS
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TES technology:

2017 JINST 12 C02046

1 2

Figure 6. Obtained energy (left) and time (right) resolutions for one class of the produced TESs by using a
55Fe X-ray source.

demodulated signal sampling rate. The measured TESs were previously characterized at NIST with
standard techniques. When operated at a bias point that is 20% of the normal state resistance R

n

(9 m⌦) they showed a sensitivity to temperature ↵ of 60, a current sensitivity � of 1.8, and a noise
parameter M of 1.5. The C and G thermal parameters resulted around 0.8 pJ/K and 600 pW/K,
respectively. Results obtained with the two-channel system developed in Milano showed a 55Mn
K↵1/K↵2 peak separation with an energy resolution of about 6 eV (figure 6, left) and a noise level
of about 5 eV. The same detector at NIST was measured with a more standard Time Domain
Multiplexer and showed an energy resolution of 4 eV. Work is in progress to further improve the
cryogenic set-up and match the TDM results.

The fast data acquisition system combined with the large-bandwidth resonators allowed to read
out TES signals with 16 µs of exponential rise time constant (' 35 µs 10% to 90%) (figure 6,
right). This value is higher than the one needed for HOLMES but it was limited only by the Nyquist
inductor L

N

, in series to the TES, and not by the TES itself. Preliminary results from measurements
currently in progress show that reducing the L

N

from 64 nH (8 turns) to 50 nH (6 turns) a rise time
constant of 9 µs (' 20 µs 10% to 90%) is achievable, fulfilling the HOLMES requirement.

In its final configuration HOLMES will realize a SDR multiplexed read-out exploiting the
Reconfigurable Open Architecture Computing Hardware (ROACH2) board with a Xilinx Virtex6
FPGA. The complete system is composed of a digital signal processing board (ROACH2), a DAC
(for comb generation) and ADC (512 MS/s, 12 bit, 2 channels) boards, an IF board (for signal up-
and down-conversion), and SFP+ GbE interfaces optically decoupled for fast data transfer. Software,
firmware and set-up are developed in collaboration with NIST. Tests with a preliminary version of
the firmware for the multiplexing of 4 channels showed encouraging results. An expanded version
for 32 channels is in development and it will be ready in 2017. To read out the full 1024 pixel array
a total of 32 ROACH2-based systems are required.

– 8 –

[A. Giachero et al., JINST 12 (2017) C02046]

2017 JINST 12 C02046

Evaporation 
Chamber

Sputter Ion
Source

90° Magnet

Faraday 
Cup

Sputter Target 
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A = 163

A = 162
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Figure 2. The HOLMES custom ion implanter: from right to left, the Penning sputter ion source, the steering
magnet, the mass analyzing magnet, and the evaporation chamber.

thereby eliminating other trace contaminants not removed by chemical methods at PSI. One such
contaminant is 166mHo, which could be produced during neutron irradiation. 166mHo is a � decaying
isotope with a half life of about 1132 years [12], and decay events below 5 keV, close to the region
of interest. Therefore, removal of this isotope is potentially critical for avoiding extra background.

The metallic cathode for the ion source will be made out of a metallic holmium pellet containing
the 163Ho produced in the reduction and distillation process. The implanter is integrated with a
vacuum chamber (the target chamber) which also allows a simultaneous gold evaporation to control
the 163Ho concentration and to deposit the final gold layer to complete the 163Ho embedding.
Simulations are in progress to design a beam focusing stage with the purpose of decreasing the
beam size on the target, thereby improving the geometrical e�ciency of the implantation process.

The setting up of the laboratory in Genova where the embedding system will be hosted, is in
progress. The ion source and the magnet have been delivered by the end of 2016. The system
commissioning will start in 2017. Preliminary tests will be performed by using stable holmium or
166mHo. This initial phase will allow to assess the e�ciency of the entire process, from the neutron
irradiated Er2O3 powder to the detector absorber embedding. The target chamber is being set-up in
Milano-Bicocca and it will be initially used to tune the detector gold absorber fabrication process
without holmium implantation. It will be finally integrated with the implanter.

4 TES sensors optimization

HOLMES will use TES based microcalorimeters adapted from use in high-resolution soft X-ray
spectroscopy to this specific application. The single pixel will be Molybdenum-Copper bilayer
TES on SiN membrane with 2 µm-thick gold absorbers, which ensures a 99.99998% (99.9277%)
probability of stopping the electrons (photons) coming from the decay of 163Ho. Development of the
single TES pixel design may continue, but a suitable protype has already been identified and proven.

– 4 –

Custom mass-separator ion implanter at GenovaMn Kα1,2 lines at ~5 eV resolution, "rise~ few µs

[M. de Gerone, TAUP 2017]

A. Nucciotti, ECT*, Trento (Italy), April 4A. Nucciotti, ECT*, Trento (Italy), April 4thth-8-8thth, 2016, 2016 1919

HOLMES pixel designHOLMES pixel design
● optimize design for speed and resolution  → J.Hays-Wehle

▷  specs @2.5keV :  ΔE
FWHM

 ≈ 1eV,  τ
rise

 ≈ 10μs, τ
decay 

≈ 100μs (* exponential time constants)

● 2 2 μμmm Au Au  thickness for full electron and photon absorption
▷ GEANT4 simulation: 99.99998% / 99.927% full stopping for 2 keV electrons / photons

● side-car design to avoid TES proximitation and G engineering for τ
decay

 control 

● deRne process for 163Ho implantation vs. excess heat capacity 

● tests at NIST are in progress

▷ preliminary measurements agree with model predictions: 

▷ ΔE
FWHM

 ≲ 4 eV,  τ
rise

 ≈ 6 μs (with L=38nH → to be slowed), τ
decay 

≈ 130 μs (tunable)

→ J.Hays-Wehle

163Ho

163Ho

A. Nucciotti, ECT*, Trento (Italy), April 4A. Nucciotti, ECT*, Trento (Italy), April 4thth-8-8thth, 2016, 2016 2727

TES with rf-SQUID TES with rf-SQUID μμwave read-out testingwave read-out testing

TES

μmux

Tests in Milano-Bicocca 

with Bismuth TES coupled to 

μwave mux (from NIST) → A. Giachero poster

HOLMES design & timeline:

• 6.5 x 1013 nuclei 163Ho (~300 Bq) per pixel  

• ΔE ~ 1 eV, "rise~ 1 µs;  
1000-pix array (1 eV goal) expected for 2018 

• TES array + DAQ ready, first implant. coming up 
• Spectrum measurements to begin in late 2017 

• 32 pixels for 1 month → mν sensitivity ~10 eV
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Metallic Magnetic Calorimeters (MMC) with paramagnetic Au:Er sensor 
read out by SQUID

δT in absorber from EC-decay  
change in magnetization M of sensor

signal: E
CT

M
T

T
M

tot
S δδ ⋅⋅

∂

∂
Δ⋅

∂

∂
Φ

1~~

thermal link

SQUID

MMC technology:

[A. Fleischmann et al.,  AIP Conf. Proc. 1185, 571, (2009)] [Gastaldo et al. (2014)]

SQUIDparamagnetic  
sensor (Au:Er)

absorber source

• Fast rise time (~130 ns) and excellent 
linearity & resolution (ΔEFWHM < 5 eV) 

• Production: 162Er(n,#)163Ho at ILL/Grenoble 
implantation at ISOLDE-CERN & RISIKO 

• Multiplexed readout of MMC arrays
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Precision 163Ho spectrum  
first calorimetric measurement of OI-line

64-pix detectors optimized for impl.

16-ch SQUID MUX, proof of concept

cryogenic platform 
at Uni HD

Ranitzsch et al., 
PRL 119 (2017) 
122501

MMC technology:
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Independent  
determination  

of QEC
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Chip fabrication for multiplexed MMC arrays
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• ECHo-1k (2015-2018) 
- prove scalability with medium-sized array: 
  100 detectors x 10 Bq 
- 1 yr meas. time for Nevent~1010:  
  ➜ m(νe) < 10 eV  

• Next step: ECHo-1M  
- large-scale experiment for sub-eV sensitivity 
  100 arrays of 1000 detectors, at 10 Bq each 
- sterile neutrino search at eV and keV scale

Impact of higher-order excitations  
on 163Ho EC spectrum

1014 events
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Devise large-scale experiment 
to tackle m(ν) and CνB

R&D for atomic source concept, 
MAC-E + calorimeter

PTOLEMY

51

Direct ν-mass determination: status and outlook

current achievements next goals

Full beamline commissioning with 
83mKr; start of T2 data in 2018

Long-term data-taking (5 yrs) for 
full sensitivity (0.2 eV)

KATRIN

Develop CRES for 10 → 2 eV, 
and towards IH (atomic source)

CRES proof of principle with 83mKr, 
testing new cell for T2

Project 8 

• Advanced detector development 
(MMC and TES technologies) 

• Test of scalable arrays 
• High-purity 163Ho production  

and implantation

• Operate medium-size arrays 
(~1010 counts) for 10 eV sens. 

• Prepare large arrays 
(~1014 counts) for sub-eV sens.

ECHo 
HOLMES 
NuMECS
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336 ν/cm3 

detectability???

6 x 1010 ν/s/cm2

~20 detections 

out of ~1010 ν/cm2

~100 PeV neutrinos 

detected!

• We learned a lot about neutrinos since their “invention” in 1930 
• We exploit a large variety of neutrino sources in our experiments!         

Summary / Take-away
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Summary / Take-away

• Massive neutrinos … 

• are evidence for physics beyond the Standard Model 

• are the only currently known form of Dark Matter 
(their contribution is small, their role not quite fixed yet - what about sterile neutrinos?) 

• Neutrinos can point us towards … 

• novel mass-generating concepts in particle physics 
(open question regarding Dirac or Majorana nature of neutrinos) 

• lepton flavour violation (oscillations) and lepton number violation (0νββ) 

• leptonic CP violation 

• We need to understand the mass pattern of neutrinos 
… and be open for (more) surprises.  :) 
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Complementary paths to the ν	mass scale

 Cosmology  Search for 0νββ  β-decay & EC

 Observable

 Present upper limit  ~0.2 – 0.6 eV  ~0.1 – 0.4 eV   2 eV

 Potential:  
 near-term (long-term)

  60 meV 
 (15 meV)

  50 – 200 meV 
  (20 – 40 meV)

  200 meV 
 (40 – 100 meV)

 Model dependence  Multi-parameter     
 cosmological model

- Majorana ν: LNV 
- BSM contributions 

other than m(ν)? 
- Nuclear matrix 

elements

 Direct, only kinematics;   
 no cancellations in  
 incoherent sum

m2
� =

P
i |Uei|2 m2

im2
�� =

��P
i U

2
ei mi

��2M⌫ =
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mass generation: 
new concepts

ν

SM

55

Massive neutrinos: 
connecting the micro- and the macro-cosmos

astro- 
physics

cosmo- 
logy 

particle 
physics

astro- 
particle- 
physics

Σ mν  =   0 eV                         6.9 eV

massive neutrinos as  
“cosmic architects”

Neutrino burst from SN 1987a

understanding 
astrophysical processes

Matter effects in the sun


