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Odysseus’s tale

In the Odyssey, the Phaeacian princess Nausicaa goes to the river 
to wash her clothes and while she and her handmaidens are 
playing ball in the nearby beach, as their clothes dry, Odysseus 
wakes in the forest (after almost drowning in the sea) and 
encounters them. Naked himself, he humbly yet winningly pleads 
for their assistance, never revealing his identity. 



Odysseus’s tale

A few days later, Odysseus finds himself in the palace of 
Nausicaa’s father, king Alcinous. A bard sang of the great deeds of 
Troy’s war heroes. After witnessing the sadness of Ulysses on the 
bard’s song, the king asks him to tell his story.





The tale of discoveries in 
(neutrino) physics could be told 
as odysseys, often involving the 
long 20 years that Ulysses needs 
to return to Ithaca. 

The discovery’s odyssey 

For example, the Kamioka 
experiment was commissioned in 
the early 80’s and in the 2000’s it 
has dramatically contributed to 
the discovery of neutrino 
oscillations. 
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Prototypes (~1 kg) 
[2009 - 2014]

NEXT-NEW (~5 kg) 
[2015 - 2018]

NEXT-100 (~100 kg) 
[2019 - 2020’s]

Demonstration of 
detector concept

Underground and radio-pure 
operations, background, ββ2ν

??

NEXT Odyssey

• (multi) ton 
mass

• ββ0ν search



Paris judgement 

Why did Ulysses sail from Ithaca? Because Paris chose Aphrodite 
as the most beautiful of the Goddesses.



Paris judgement revisited 
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Are neutrinos their own antiparticles? Who gets the golden apple, 
Dirac or Majorana?



Setting sail...



Going underground after neutrinoless double beta decay. 

Going to Troy 
after Helena 



Double beta decay
•Some nuclei, otherwise 
quasi stable can decay by 
emitting two electrons and 
two neutrinos by a second 
order process mediated by 
the weak interaction.

•This process exists due to 
nuclear pairing interaction 
that favours energetically the 
even-even isobars over the 
odd-odd ones.Q
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Figure �.�. Atomic masses of isotopes with A = ��� given as di�erences with respect
to the most bound isotope, ���Ba. �e red levels indicate odd-odd nuclides, whereas
the green indicate even-even ones. �e arrows show the type of nuclear transition
connecting the levels. Double beta (either plus or minus) transitions are possible
because the intermediate state (∆Z = ±�) is less bound, forbidding the beta decay.

Phase-space considerations alone would give preference to the �νββ mode
over the �νββ one, but the decay rate of the former is suppressed by the
very small neutrino masses (§ �.�). Both transition modes involve the �+
ground state of the initial nucleus and, in almost all cases, the �+ ground
state of the �nal nucleus. For some isotopes, it is also energetically possible
to have a transition to an excited �+ or �+ �nal state, even though these are
suppressed because of the smaller phase space available. In both decay modes
the emitted leptons carry essentially all the available energy and the nuclear
recoil is negligible. �erefore, in the �νββ mode, the spectrum for the sum of
the kinetic energies of the emitted electrons (see Figure �.�) is amono-energetic
line at Qββ , the Q value for the reaction, de�ned as themass di�erence between
the parent and daughter nuclides:

Qββ ≡ M(A, Z) −M(A, Z + �). (�.�)

In the case of the �νββ mode, the spectrum is continuous, extending from �
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SM-allowed process.
Measured in several nuclei.

T1/2 ⇥ 1018 � 1020 y
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��0⇥
Lepton number violating process.

Requires massive, Majorana 
neutrinos.

T1/2 > 1025 y

Double beta decay



Two protons decay simultaneously in a heavy isotope
Nuclear physics results in proportionality constants 
between period and the inverse of the Majorana mass 
squared

Nuclear physics
e� e�
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nuclear matrix 

Majorana neutrino 
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Degenerated neutrinos

Inverse hierarchy

Normal hierarchy

Sailing to Ithaca
Cosmological limits and 
limits from previous 
bb0nu experiments 
included in this plot.

Inverse hierarchy: 20 — 
50 meV (1026 y— 1027y)

Normal hierarchy: 2 — 
20 meV (1027 y— 1029 y)

ITHACA… Or Calipso Island?

ITHACA… at last?



Nausicaa's beach



Every odyssey starts with a terrific idea

•A new device to 
conquer  Troy
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•A new device to search for ββ0ν



And utter ignorance of the upcoming 
complications…

ββ0ν searches
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How hard is to reach Ithaca ? 

Earth is a very radioactive 
planet

Lifetime of Th-232 is of the oder of the age of the 
Universe (~1.4 1010 y) 

Next generation of 
ββ0ν experiments 
aim to observe a 
signal whose lifetime 
is 1027 (1029) y

Lifetime Bkgnd/Signal ~1017 (1019) 



Nausicaa's beach

• Nausicaa’s beach: A beach with 1017 grains of sand.
• About 1.5 x 109 per square meter (to a depth of 3 m).
• Thus, Nausicaa’s beach is 70 km long and 1 km wide.

https://www.quora.com/How-many-grains-of-sand-are-there-in-a-given-stretch-of-an-average-beach

https://www.quora.com/How-many-grains-of-sand-are-there-in-a-given-stretch-of-an-average-beach


The Achaeans 

• Just as the greeks attacked Troy with many armies 
bb0nu experiments attack the search for neutrino less 
double beta decay with many experimental techniques.



Why Xenon?
•It is a noble gas, thus ideally suited for 

detection (TPC, calorimetry). 

•source = detector, thus scalability. 

•It has no long-lived radioactive isotopes. 

•It has two interesting isotopes, Xe-136 (bb0nu) 
and Xe-124 (2-e capture). The natural 
abundance of Xe-136 is OK (10%), and most 
importantly, being the heaviest isotope is easy 
(cheap) to produce enriched Xenon. 

•Nuclear matrix elements, phase space and Qbb, 
OK. 

• There is already 1 ton of enriched Xenon in the World (mostly  own by KZ)

NEXT and the race toward the ultimate ��0⇥ experiment 31

High Isotope Enrichment

!130Te has best natural isotopic abundance

!However, all next-generation experiments will be
isotopically-enriched! 

Isotope Natural 
Abundance (%)

48Ca 0.2
76Ge 7.8
82Se 9.2
96Zr 2.8
100Mo 9.6
110Pd 11.8
116Cd 7.5
124Sn 5.6
130Te 34.5
136Xe 8.9
150Nd 5.6

T 1"2
#1

$ a%&'M%t "()E%B*

!Easiest to enrich are noble elements: 136Xe
        Xe TPCs (NEXT, EXO)

!Enrichment also provides purification against
radioactive contaminants

NEXT and the race toward the ultimate ��0⇥ experiment 37

High �� Detection Efficiency

Source � Detector Source = Detector

!��0⇥ events are so rare (if present at all) that you do not want to miss them!

!Homogeneous approach (source = detector) can provide close to 100% efficiency,
at least for purely calorimetric technique

!Not so for inhomogeneous approach (source � detector):
! geometric acceptance, absorption in foil, backscattering, tracking requirement,...





Meet Odysseus  



•High Pressure Xenon TPC 
(operation 10-20 bar)

•EL amplification to achieve 
excellent energy resolution 
(~0.5 % FWHM appears 
possible)

•Topological signature 
(observation of two 
electrons) to further 
suppress the backgrounds.

•Is built with radio pure 
materials. 
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Advantages of HPX-EL technology �26
Barium Tagging Concept

•Tag (using lasers) the presence of a Ba++ ion (in fact one needs to tag Ba+ since 
Ba++ first excited state lies in the extreme UV (75 nm) no accesible to 
conventional lasers 

Ba++ Ba+ 
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(0.5 % FWHM @ Q𝜷𝜷 NEXT-White double 

electron



a nextElectroluminescent High pressure 
Xenon gas optical TPC
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Prototypes (~1 kg) 
[2009 - 2014]

NEXT-NEW (~5 kg) 
[2015 - 2018]

NEXT-100 (~100 kg) 
[2019 - 2020’s]

Demonstration of 
detector concept

Underground and radio-pure 
operations, background, ββ2ν

??

NEXT phases

• (multi) ton 
mass

• ββ0ν search



NEXT PrototypesNEXT-DEMO (IFIC)

 28

• Energy resolution (19 1” PMTs) 
• Tracking (256 SiPMs) 
• ~1.5 kg Xe gas at 10 bar 

NEXT-DBDM (LBNL)
• Energy resolution (19 1” PMTs) 
• ~1 kg Xe gas at 10-15 bar 
• Also measured response of HPXe 

to nuclear recoils

JHEP 01, 104 (2016) [arXiv:1507.05902]

JINST 10, P03025 (2015) [arXiv:1412.3573]

JINST 9, P10007 (2014) [arXiv:1407.3966]

JINST 8, P04002 (2013) [arXiv:1211.4838]

JINST 8, P05025 (2013) [arXiv:1211.4508]

JINST 8, P09011 (2013) [arXiv:1306.0471]

Publications:

NIMA 793, 62 (2015) [arXiv:1409.2853]

NIMA 708, 101 (2013) [arXiv:1211.4474]

Publications:



�29

A young Odysseus… 

NEXT-DEMO: Started in 2011, first HPXeEL in the World. 
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A few years later…

NEXT-White: Already operating at the LSC



NEXT-White �31

•Scaled version (1:2 in longitudinal dimensions) of NEXT-100 
•Technology development, radio purity, setting up infrastructures 

(shielding, gas system) 
•Measures energy resolution, topological signature, background index, 

bb2nu mode.



Mother can:

12 cm copper plate that 
separates pressure from 

vacuum and ads shielding.

Pressure vessel:

316-Ti steel, 30 bar max pressure

Inner shield:

copper, 6 cm thick

Time Projection Chamber:

5 kg active region(@10bar), 50 cm drift length

Energy plane:

12 PMTs,  

operating at vacuum. 
30% coverage

Tracking plane:

1792 SiPMs,  
1 cm pitch

NEW (NEXT-WHITE) at glance



Field cage



Energy plane



Tracking plane
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LSC (Huesca, Spain)



NEW  at the LSC



83Krm as calibration source

• 83Rb decays 75% of the time 
to a metastable state of 83Kr 
through internal conversion 
with a lifetime of 86 days. 

• The metastable state decays 
to ground with a lifetime of 
1.83 h emitting two 
conversion electrons of 32.1 
and 9.4 keV. 

• These low energy electrons 
create a very short signal, 
useful for calibration.

�2

With these events we can map the light 

collection along X, Y and Z.
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drift time

primary scintillation
signal: starting time of event

EL signal

S1 S2

Kripton waveforms



Raw energy distributions



S1 depends of geometry and lifetime



S2 depends of geometry and lifetime



Measurement of lifetime �43

E (z=0) = 12547.83960091717 +-10.312967608718239 
 LT      = -2243.647360771638 +-11.815554670636313 
 

•To measure lifetime, one 
must know the drift time.  

•Without t0, drift time 
cannot be measured and 
the lifetime cannot be 
computed 

•Assuming that a large 
HPXe (ton scale) can 
achieve “infinite” lifetime 
(e.g., 10 times drift length) 
may not be realistic. 



Lifetime evolves with time �44

Evolution of lifetime during Run II

evolution of lifetime Run IV



Lifetime and geometry maps



Energy resolution

• The resolution is best when the light-reduction effects are minimal, i.e. short drift and close to the center. 

• The measured resolution in a fiducial volume is (3.878 ± 0.036 (stat)) % FWHM @ 41.5 keV 

• The extrapolated (1/√E) resolution is (0.5039 ± 0.0047 (stat)) % FWHM @ Qßß.

�16

R <  150 mm 
Z < 150 mm 

Run 4734



High energy calibrations �47

produced by ��0⌫ decays at Q��, and at the nominal operation pressure of NEXT-100, P15 = 15 bar.
On the other hand, the main reason why energy resolution may worsen at high energy is precisely
the fact that geometrical corrections become more di�cult for long tracks than for point-like energy
depositions. It follows that the extrapolation to Q�� of the long e+e� pairs produced by 232Th
calibrations at 7.2 bar should be an upper limit of the resolution expected by electron pairs produced
with an energy of Q�� at a pressure of 15 bar.

The organization of this paper is as follows: section 2 summarizes the experimental setup; the
event selection and reconstruction is presented in section 3; section 4 discusses energy resolution;
section 5 energy calibration. Summary and discussion is presented in section 6.

2 Experimental setup
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Figure 1: Schematic of the source configuration in this study (not drawn to scale). The 137Cs source
was placed at the lateral entrance port of the pressure vessel, and the 232Th source was placed on top
of the pressure vessel.

The NEXT-White1 apparatus has been described with great detail elsewhere [8]. The main
subsystems of the detector are the TPC, the energy plane and the tracking plane. The operating
parameters of the TPC used in this study are described in table 1. The energy plane is instrumented
with 12 Hamamatsu R11410-10 PMTs located 130 mm behind the cathode, providing a coverage of
31%. The tracking plane is instrumented with 1792 SensL series-C silicon photomultipliers (SiPMs)
distributed at a pitch of 10 mm. An ultra-pure inner copper shell (ICS) 60 mm thick, acts as a shield
in the barrel region. The tracking plane and the energy plane are also supported by pure copper
plates 120 mm thick.

The detector operates inside a pressure vessel fabricated with a radiopure titanium alloy, 316Ti.
The pressure vessel sits on a seismic table and is surrounded by a lead shield. To ensure long electron

1Named after Prof. James White, our late mentor and friend.

– 2 –

Figure 5: Distributions of average event locations in (x, y) (left) and z (right), for events in the
region of the first xenon x-ray peak 2 (30, 35) keV (top), the 137Cs photo-peak, 2 (650, 675) keV
(middle), and events in the region of the double-escape peak, 2 (1580, 1650) keV (bottom). In each
case, regions enclosed by solid red lines correspond to the selected fiducial regions described in
section 4.

have been defined for energy measurements to demonstrate the optimal resolution at di↵erent
energies. These regions restrict both the radius and longitudinal coordinate of the events to minimize
fluctuations associated with a large radius (less angular coverage, resulting in less light recorded

– 7 –

Figure 6: Spectrum of reconstructed energies in the full fiducial region.

by the PMTs and therefore larger fluctuations) and large drift (large fluctuations associated with
lifetime). See [8] for a thorough discussion. The regions are defined as follows for the three energy
peaks of interest:

• K↵ x-rays: 0 mm < Zdrift < 120 mm, and Rmax < 150 mm

• 137Cs photopeak: 150 mm < Zdrift < 300 mm, and Rmax < 120 mm

• 208Tl double-escape peak: 160 mm < Zdrift < 260 mm, and Rmax < 150 mm

Here Zmin and Zmax refer to the minimum and maximum z-coordinates, and Rmax to the maxi-
mum radial coordinate of all reconstructed hits in a given event. Figure 5 shows the energy-weighted
average locations computed for events with energies in the region of the K↵ x-rays, 137Cs photo-peak,
and the 208Tl double-escape peak. Regions enclosed by solid red lines correspond to those defined
above. Because the calibration sources were located outside of the detector, the distribution of events
in all cases is heavily biased towards large radius.

Figure 6 highlights the major regions of interest in the energy spectrum, including all events in
a region encompassing essentially the entire active volume of the detector, defined as:

• Full fiducial (FF) region: 50 mm < Zdrift < 500 mm, and Rmax < 180 mm.

Xenon x-rays

Interactions of ionizing radiation in xenon can occasionally eject electrons from inner shells of
the atoms in the xenon medium. When electrons from higher shells drop into these lower shells,
characteristic x-rays are emitted, several of which have energies near 30 keV and manage to travel
a significant distance from the main ionization track before interacting, or even escape from the
detector entirely.

In the dataset studied here, the trigger threshold was set high enough that events with full
energy less than approximately 250 keV were not recorded. However, individual tracks within a
single multi-track event could be identified by voxelizing the space and defining tracks as a set of
connected voxels [11]. Events frequently contained lower-energy tracks isolated from the main

– 8 –



Energy resolution long tracks �48

Figure 8: (Top left) Fit of the 137Cs photo-peak to a Gaussian + second-order polynomial in the
selected optimal fiducial region and (top right) the resulting (x, y) distribution of events included
in the fit. (Bottom left) Fit of the 1592.5 keV double-escape peak in the selected optimal fiducial
region and (bottom right) the resulting (x, y) distribution of events in the peak region.

calibrated energies as those converted to keV by the linear fit procedure described below. The
calibrated energies are to be compared to the nominal energies, which are the reference energies
of the x-ray and gammas emitted. These nominal energies are taken from [12] and include the
intensity-weighted average of the K↵ x-ray lines (29.669 keV), the energy of the 137Cs emitted
gamma (661.6 keV), and the energy of the double-escape peak (1592.5 keV).

In performing the calibration, a linear fit was performed to obtain calibrated energy E from
uncalibrated energy Q as

E = a0 · Q + a1, (5.1)

and in which the parameters were found to be a0 = 3.2121 ⇥ 10�3 ± 0.0004 ⇥ 10�3 and a1 =

0.62122± 0.02313. The fit is shown in Fig. 9 along with residuals r defined as the percent di↵erence
of the calibrated energy E from the nominal energy E0, r = 100 · (E0 � E(Q))/E0, for each point

– 10 –

•Long tracks need to be 
corrected hit-by-hit 

•Precise geometrical 
map, long lifetime and 
precise lifetime maps 
are even more 
important than at 
lower energies. 

•Tl-209 double escape 
peak double electrons 
are longer in NEW at 7 
bar than Q𝜷𝜷 electrons 
in NEXT-100 at 15 bar. 
Expect good resolution 
for NEXT-100.  

0.9 % 
FWHM at Qββ



Pressure vessel:

stainless steel,15 bar max pressure

Inner shield:

copper, 12 cm thick

Time Projection Chamber:

100 kg active region, 130 cm drift length

Outer shield:

lead, 20 cm thick

Energy plane:

60 PMTs,  

30% coverage
Tracking plane:

7,000 SiPMs,  
1 cm pitch?

NEXT 100



ββ0ν signal �50

ββ0ν signal
Two electrons from a 

common vertex inside 
the active volume with a  

total Εdep = 136Xe Qββ.
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ββ0ν backgrounds �51

Relevant Backgrounds

Natural decay series 
Radon 

Neutrons 
Cosmogenic muons

Negligible Backgrounds

136Xe 2νββ decays 
νe elastic scattering 
νe  capture by 136Xe 

…

B = A * ε 

B: Predicted rate 
A: Activity measured 
ε:  Selection efficiency 
     from simulation + analysis



ββ0ν backgrounds �52Natural decay series

208Tl -> 208Pb 

𝛾 2615 keV 

214Bi -> 214Po 

𝛾 2447 keV 



ββ0ν backgrounds �53

Natural decay series (activities in mBecq.)

JINST 12 (2017) no.08, T08003, JINST 10 P05006 (2015)



ββ0ν backgrounds �54

Neutrons

Very penetrating 

Neutron captures activate 
different radionuclides 

producing myriad 
of gammas  

137Xe activation 
Q = 4173 KeV. 

Half-life = 3.95 min.

Total neutron flux at LSC Hall A 
Origin in LSC walls

DOI: 10.1016/j.astropartphys.2012.11.007



ββ0ν backgrounds �55

Cosmogenic muons

Total muon flux  
at LSC Hall A:

Avg. E = 220 - 245 GeV
A.Ianni, Canfranc underground laboratory.
Private communication from workshop, 2016 



Topology Analysis �56
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Efficiencies for signal and backgrounds �57

JHEP 1605 (2016) 159

high energy gamma

electron

0νββ Tl-208 Bi-214

Fiducial + 
E ∈ [2.4, 2.5] MeV

0.664 3.5 x10-4 2.9 x10-5

1 track 0.476 1.41 x10-5 3.44 x10-6

2 “blobs” 0.354 1.57 x10-6 3.39 x10-7

Energy ROI 0.320 2.54 x10-7 1.46 x10-7



NEXT-100 Background model �58

1. Natural decay series:  < 4.09 x 10-4  cts / keV kg year



NEXT-100 Background model �59

2. 222Rn progeny:  ≃ (0.7 - 4.4) 10-5  cts / keV kg year 

From cathode 214Bi decays

3. Neutrons:  ≃ 10-3  cts / keV kg year WITHOUT neutron shield 

NEXT-100 will add a shield of boron doped (5%) polyethylene  
slabs 20 cm thick  -> neutron background becomes negligible.

4. Cosmogenic muons:  ≃ 8.0 10-5  cts / keV kg year 
137Xe activations -> 10-5  cts / keV kg year



NEXT-100 Sensitivity �60

Total Background rate: 
  4.22 x 10-4  cts / keV kg year 

Global detection efficiency:  
 32 % 

exposure of 500 kg/year: 
0ν half-life ≃ 1.0 1026 years 

mββ = [57-161] meV
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Figure 12. Sensitivity of a future xenon experiment (of perfect efficiency) as a function of the exposure for
different background rates.

low selection efficiency of ⇠ 20%) in a few years. In fact, although the selection efficiency can
be traded to some extent for background rejection, one of the main attractive features of the HPXe
technology, for which BEXT would represent the ton scale, is the potential to offer a background-
free experiment to explore the inverse hierarchy. Given the extremely long lifetimes of the process
being explored (a full coverage of the inverse hierarchy requires sensitivity to lifetimes of 1027 year
for the 0nbb process), providing such a background-free experiment may be a must.

A. A Lowpass FIR Filter

One way to make the calculation of the curvature of a track less susceptible to noise introduced
through multiple scattering and non-ideal reconstruction resolution is to apply a lowpass filter to
the lists of values for each coordinate x, y, and z. We now look at the arrays of x, y, and z coordinates
as digital signals in the time domain, e.g. x[n], where n is the index of the corresponding hit. Each
array can be represented in the frequency domain X [k] using the discrete Fourier transform

X [k] =
N�1

Â
n=0

x[n]e�i2pkn/N , (A.1)

where N is the total number of samples and k is the discrete frequency of each complex sinusoid
e�i2pkn/N in cycles per N samples. This discrete frequency can be translated to an analog frequency
fk (for example in units of time�1) by knowing the frequency at which the digital signal was
sampled, or the sampling frequency fs in samples per unit time, as

– 15 –

Exploring the IH

IH

•Plot shows the sensitivity of a 
100% efficient Xenon experiment 
(with a reasonable NME set).

•With a background ~10 cts/tonne/
year and a mass of 1 ton, 10 years 
of run are required (e.g, 30 years 
for an efficiency of 30 %).

•With a background count of ~1 
cts/tonne/year, “only” 2 years are 
required (6 years for an efficiency 
of 30%).
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Improve topological signature �63

with pure xenon corresponds to 10 ⇥ 10 ⇥ 5 mm3 voxels (conservative), and operation with low
di↵usion mixtures corresponds to voxel sizes of 2 ⇥ 2 ⇥ 2 mm3 (best expected case). Examples of
events voxelized with sizes of 10 ⇥ 10 ⇥ 5 mm3 and 2 ⇥ 2 ⇥ 2 mm3 are shown in Figs. 4 and 5.
The histogram of Eb,1 vs. Eb,2 is shown in figure 6 for both signal and background events analyzed
with both chosen voxel sizes.

Figure 4. Projections in xy, yz, and xz for an example background event voxelized with 10 ⇥ 10 ⇥ 5 mm3

voxels (above) and with 2 ⇥ 2 ⇥ 2 mm3 voxels (below).

Finally we apply a cut designed to choose signal events with two blobs and eliminate back-
ground events with only one blob, mandating that Eb,1 and Eb,2 are both greater than a threshold
energy Eth. This cut is applied to the events remaining after the cut requiring 1 single connected,
voxelized track. For the 10 ⇥ 10 ⇥ 5 mm3 voxel size with rb = 18 mm and Eth = 0.35 MeV, we
eliminate all but 13.3% of remaining 208Tl background events and all but 11.0% of remaining 214Bi
background events, and keep 76.6% of remaining signal events. For the 2 ⇥ 2 ⇥ 2 mm3 voxel size
with rb = 15 mm and Eth = 0.3 MeV we eliminate all but 9.74% of remaining 208Tl background
events and all but 7.55% of remaining 214Bi background events, and keep 86.2% of remaining sig-
nal events. rb was chosen in each case by examining the blob energy with changing rb and selecting
a value large enough to encompass the region of dense energy deposition but small enough to avoid
integrating much of the less dense parts of the track. Eth was then varied to give a background
rejection near 10%.

5 Deep Learning

The use of artificial neural networks to solve complex problems has been explored since the 1940s.
In recent years, with the dramatic increase in available computing power, the use of computation-
ally intense neural networks with many inner layers has become feasible. These neural nets that

– 9 –

•Reduced diffusion can improve rejection power of topological signature by a 
factor 3. 

•Requires low diffusion mixtures (Xe-He) and dense tracking. 



Improve radioactive budget �64

•Replace PMTs by SiPMs mounted in ultra-low background substrates. 
•Select ultra-low background copper (commercially available, need proper 

screening). 
•Operate detector at -60 C (negligible dark current in SiPMs, reduced 

pressure for constant density) 
•Radioactive budget can be cut to 1/3 of present projections. 



NEXT-Ton Sensitivity �65

Total Background rate: 
  2.59 x 10-5  cts / keV kg year 

Exposure of 5 ton year 
0ν half-life ≃ 1.5 1027 years 

mββ = [15-42] meV

Javier Muñoz Vidal



• But what if the signal is not in the 
IH 

• Exploring the NH may be as 
difficult as leaving Calipso… 

• Can it be done or shall we resign 
ourselves to watch the see and 
miss Ithaca forever? 

• Here is a possible way… 



BA-TAGGING
Barium Tagging Concept

•Tag (using lasers) the presence of a Ba++ ion (in fact one needs to tag Ba+ since 
Ba++ first excited state lies in the extreme UV (75 nm) no accesible to 
conventional lasers 

Ba++ Ba+ 

• Tagging the Ba++ atom = background free experiment, since 
natural radioactivity does not produce Ba++.  

• But how do you “tag” de Ba++ ion?)
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Single Molecule Fluorescence Imaging
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Single Molecule Fluorescence Imaging
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Single Molecule Fluorescence Imaging
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RECEPTOR
Barium trapping makes de-excitation 

via fluorescence available. 
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• Technique works with Ca++… does it work for Ba++?

CAPTURE OF MOLECULE



MAKING THE HYDRA SHINE 
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Can single Ba++ ions be detected with SMFI?

Earlier this year

 4



Demonstration of Single Barium Ion Sensitivity for Neutrinoless Double Beta Decay
using Single Molecule Fluorescence Imaging
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L. Rogers,1 F.P. Santos,5 J.M.F. dos Santos,9 A. Simón,3 C. Sofka,3, § M. Sorel,3 T. Stiegler,17

J.F. Toledo,8 J. Torrent,3 Z. Tsamalaidze,18 J.F.C.A. Veloso,4 R. Webb,17 J.T. White,17, ¶ and N. Yahlali3

1Department of Physics, University of Texas at Arlington, Arlington, Texas 76019, USA
2Department of Physics, Harvard University, Cambridge, MA 02138, USA
3Instituto de F́ısica Corpuscular (IFIC), CSIC & Universitat de València,
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A new method to tag the barium daughter in the double beta decay of 136Xe is reported. Using
the technique of single molecule fluorescent imaging (SMFI), individual barium dication (Ba++)
resolution at a transparent scanning surface has been demonstrated. A single-step photo-bleach
confirms the single ion interpretation. Individual ions are localized with super-resolution (⇠2 nm),
and detected with a statistical significance of 12.9 � over backgrounds. This lays the foundation for
a new and potentially background-free neutrinoless double beta decay technology, based on SMFI
coupled to high pressure xenon gas time projection chambers.

INTRODUCTION

The nature of neutrino mass is one of the fundamen-
tal open questions in nuclear and particle physics. If

⇤ Corresponding author: austin.mcdonald@uta.edu
† Corresponding author: ben.jones@uta.edu
‡ NEXT Co-spokesperson.
§ Now at University of Texas at Austin, USA.
¶ Deceased.

neutrinos are Majorana particles, their tiny mass may
be evidence for high energy-scale physics via the see-
saw mechanism [1–5], and lend support for a compelling
theoretical explanation of the matter-antimatter imbal-
ance in the universe (leptogenesis) [6]. The most sen-
sitive known method to establish the Majorana nature
of the neutrino experimentally is direct observation of
neutrinoless double beta decay (0⌫��) [7–10], a radioac-
tive process that can occur if and only if the neutrino
is a Majorana fermion. The mass scale implied by di-
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rect limits [11], cosmology [12] and neutrino oscillations
[13] dictates that the rate of 0⌫��, assuming the stan-
dard mechanism, will be very low: the next generation of
experiments must probe 0⌫�� lifetimes of � 1027 years.
Observation of such a rare decay requires ton-scale detec-
tors with near-perfect background rejection capabilities.

One candidate 0⌫�� isotope which has been a focus of
much attention is 136Xe. As a noble element, xenon can
be used in time projection chamber (TPC) detectors, en-
abling fully active, monolithic 0⌫�� searches in both gas
[14] and liquid [15] phases. Background measurements in
present-generation detectors at the 10-100 kg scale, how-
ever, suggest that all proposed ton-scale experiments will
remain background limited in their sensitivity. Improved
technologies with enhanced background rejection capa-
bilities will be required in order to make further progress
as well as enhance confidence for a discovery claim.

It has long been recognized that the detection of sin-
gle barium ions emanating from the decay of 136Xe [16],
when combined with a Gaussian energy resolution bet-
ter than 2% FWHM (�/E ⇠ 0.85%) to reject the two-
neutrino-mode background, could enable a background-
free 0⌫�� search. This is because no conventional ra-
dioactive process can produce a barium ion in bulk xenon.
So-called “barium tagging” has been a subject of R&D
for at least 20 years [17–22], but at the time of writing,
a convincing method of barium ion extraction and iden-
tification remains elusive.

Single molecule fluorescence imaging (SMFI) is a tech-
nique invented by physicists and developed by bio-
chemists that enables single-molecule sensitive, super-
resolution microscopy. Among the applications of SMFI
are the sensing of individual ions [23], demonstrated in
various environments, including inside living cells [24].
A fluor is employed that is non-fluorescent in isolation,
but becomes fluorescent upon chelation with a suitable
ion. The molecule typically comprises of a dye bonded
to a receptor that traps the ion in a cage-like structure.
The electrostatic forces exhibited by the ion on the dye
modify its energy levels to enable molecular fluorescence.
Detection is assisted by the inherent stokes shift of the
dye, allowing separation of emission and excitation light
via dichroic filters. Localized light emission from single
molecules can be spatially resolved using electron mul-
tiplying CCD (EM-CCD) cameras, allowing rejection of
backgrounds from scattering and low-level fluorescence
of unchelated molecules, which are di↵use.

The NEXT collaboration [14] is pursuing a program
of R&D to employ SMFI techniques to detect the bar-
ium daughter ion in high pressure xenon gas (HPGXe).
In HPGXe, energy resolutions extrapolating to better
than 1% FWHM at Q�� have been achieved [25], suf-
ficient to e�ciently reject the two-neutrino-mode back-
ground. Barium resulting from double beta decay is ini-
tially highly ionized due to the disruptive departure of
the two energetic electrons from the nucleus [26]. Rapid
capture of electrons from neutral xenon is expected to

reduce this charge state to Ba++, which may then be
further neutralized through electron-ion recombination.
Unlike in liquid xenon, where recombination is frequent
and the barium daughters are distributed across charge
states [27], recombination in the gas phase is minimal
[28], and thus Ba++ is the expected outcome. Further-
more, since the ion energy in high pressure gas is thermal,
and charge exchange with xenon is highly energetically
disfavored, the Ba++ state is expected to persist through
drift to the anode plane. For this reason, and because
barium and calcium are congeners, dyes which have been
developed for Ca++ sensitivity for biochemistry applica-
tions provide a promising path toward barium tagging
in HPGXe. In ref. [29] we explored the properties of
two such dyes, Fluo-3 and Fluo-4. In the presence of
Ba++, excitation at 488 nm yielded strong emission peak-
ing around 525 nm, demonstrating the potential of these
dyes to serve as barium tagging agents.
In this Letter we describe the resolution of individual

Ba++ ions on a scanning surface using an SMFI-based
sensor (Fig. 1), a major step towards barium tagging in
HPGXe TPCs.

FIG. 1. A single Ba++ candidate. A fixed region of the CCD
camera is shown with 0.5 s exposure before (top) and after
(bottom) photo-bleaching transition.

4

rophores in solution to enable spatial resolution. Various
methods of immobilization are described in the SMFI lit-
erature. We used a matrix of polyvinyl alcohol (PVA),
prepared according to the prescription in Ref. [34], trap-
ping the fluors but allowing permeability of ions through-
out the sample.

Coverslips were inspected for defects and cleaned by ul-
trasonic bath in acetone for 30 minutes and then ethanol
for 30 minutes. Once clean, they were placed in a vac-
uum oven at 340 K to bake overnight. A bu↵er solution
(pH 7.2) was established using ACS Ultra Trace water
with imidazole and hydrochloric acid. PVA was added
(5% by weight) to form the working bu↵er and placed
in a hot water bath. Once the PVA is fully dissolved it
is removed from the bath and set on a stir plate, with
water added to reach the target volume. After 30 min-
utes the solution reaches room temperature and BAPTA
[29] is added to a concentration of 250 µM to suppress
residual calcium. The SMFI fluor Fluo-3 is then added,
to a concentration of 1 nM. Three background samples
were made by placing 50 µL of solution onto a coverslip
then spin coating it at 1800 rpm for 10 seconds. These
will be referred to as the “barium-free” samples. Ba++

was then added in the form of barium perchlorate salt
solution to a target concentration of 500 µM, to make
three “barium-spiked” samples. All samples were placed
in an oven at 340 K for 4 hours, and then left to cure
overnight at room temperature, in order to harden the
PVA matrix.

Prior to scanning the samples, the AOTF was set to
488 nm, which is the peak excitation wavelength for Fluo-
3. The measured power entering the objective was 1 µW .
The external optics were adjusted to place the system
into total internal reflection mode using prismatic align-
ment [35], and surface sensitivity was checked with fluo-
rescent micro-spheres. Each sample was then placed onto
the microscope stage and scanned.

The imaging protocol was to find a 35⇥35 µm2 Field
of View (FOV) where at least one fluorescent spot was
present, and focus the microscope on that spot by mini-
mizing its point spread. Once focus was achieved, images
were taken every 500 ms for 375 s. Then, a new FOV was
found by randomly translating the sample stage and re-
focusing. This was done for 22 FOVs across the three
samples for both barium-free and barium-spiked sets.
Notably, because the microscope could not be focused
on empty regions, our measurements of the barium-free
sample activities are biased towards higher yields, thus
imposing a penalty in the numerical significance of our
result. Nevertheless, as will be shown, the count of ions in
barium-spiked samples is significantly higher than back-
ground, demonstrating unambiguous single Ba++ ion de-
tection, even with this penalty.

FIG. 4. Fluorescence trajectory for one candidate in a
barium-spiked sample. “Signal” shows the average activity
in 5x5 pixels centered on the local maximum. “Background”
shows the average in the 56 surrounding. The single step
photo-bleach is characteristic of single molecule fluorescence.

RESULTS

Figure 3 shows the raw data for one FOV in a barium-
spiked sample. Activity is present from both near-surface
(bright) and deeper (dim) fluorophores. An analysis tech-
nique was developed to obtain the fluorescence history of
the near-surface spots from the raw CCD images. Only
these bright spots would be expected in a surface-based
tagging sensor, with the deeper fluorophores here being
an artifact of our slide preparation procedure.
The hallmark of single molecule fluorescence is a sud-

den discrete photo-bleaching transition [36]. This occurs
when the fluorophore transitions from a fluorescent to a
non-fluorescent state, usually via interaction with reac-
tive oxygen species [37]. This discrete transition signifies
the presence of a single fluor, rather than a site with
multiple fluors contributing. The 375 s scan time is sig-
nificantly longer than the typical photo-bleaching time of
Fluo-3 at this laser power [37], so the majority of spots
are observed to bleach in our samples. A typical near-
surface fluorescence trajectory is shown in Fig. 4. One
0.5 s exposure of this spot directly before the step and
one 0.5 s exposure directly after the step are shown in
Fig. 1.
Near-surface, photo-bleaching Ba++ candidate spots

were identified as follows. The images from one FOV
were summed and the di↵use background was subtracted.
Local maxima 3 � above background fluctuations were
identified. The images were analyzed frame by frame
and each candidate ion was assigned a 9⇥9 pixel array

3

FIG. 2. A schematic view of the TIRF system.

APPARATUS

The SMFI sensor concept developed here uses a thin
quartz plate with surface-bound fluorescent indicators,
continuously illuminated with excitation light and moni-
tored by an EM-CCD camera. It is anticipated that such
a sensor would form the basis for a Ba++ detection sys-
tem in HPGXe, with ions delivered to a few ⇠1 mm2

sensing surfaces, first via drift to the cathode and then
transversely by RF-carpet [30], a method already demon-
strated at large scales [31] and for barium transport in
HPGXe [20].

To demonstrate single Ba++ sensitivity we have im-
aged individual near-surface Ba++ ions from dilute bar-
ium salt solutions. We use the technique of through-
objective total internal reflection fluorescence (TIRF) mi-
croscopy [32]. In through-objective TIRF, a high nu-
merical aperture objective is used to convert a focused
light beam on the back-focal plane (BFP) into parallel
rays. By translating the focal point across the BFP, the
emerging parallel rays are brought to a shallow angle, un-
til eventually they totally internally reflect o↵ the lower
sample surface. The evanescent excitation wave, extend-
ing only about one wavelength into the sample, causes
fluorescence of the near-surface molecules while minimiz-
ing deeper fluorescence and scattering from within the
sample. By focusing the objective on the same scanning
surface and imaging the fluorescence light, individual flu-
orescent molecules can be spatially resolved above a dim-
mer, di↵use background.

The apparatus used in this study comprises an Olym-
pus IX-70 inverted fluorescence microscope frame, out-
fitted with a custom external optical system to imple-
ment TIRF imaging. Fig. 2 shows a schematic view of

FIG. 3. A sample image from the EM-CCD in one of the
barium-spiked samples showing both near-surface (bright)
and deeper (dim) fluorescent molecules.

this system. The external optics were assembled follow-
ing the general methods of Ref. [33]. The objective is
an Olympus 100x 1.4 NA, and was used with Olympus
immersion oil (n = 1.518). Low-fluorescence coverslips
of thickness 0.13 mm serve the combined role of sample
substrates and imaging plane. A Hamamatsu ImagEM
X2 EM-CCD camera, chosen for its high quantum e�-
ciency, low noise, and high EM gain, was used to record
the fluorescence emission. The excitation source is an
NKT Photonics SuperK EXTREME laser, which emits
in a wide spectral range of 350-2350 nm. The laser light
is filtered to a tunable band of width ± 1 nm in the vis-
ible range via an acousto-optical tunable filter (AOTF).
The beam is then expanded, cleaned, and steered via an
array of adjustable mirrors through a lens that focuses it
onto the objective BFP. Emission and excitation light are
separated by a filter cube containing the dichroic mirror
and the emission and excitation filters described in [29].
Micrometer stages in the external optical system allow
for focusing on the BFP and adjustment of the TIRF ray
angle, and the image is brought into focus using sample
stage adjustment on the microscope frame.

SAMPLE PREPARATION AND IMAGING

The studies presented in this Letter use fluorophores
that are immobilized at the sensor surface. This emulates
the conditions in a HPGXe TPC detector, where the ions
will drift to the sensor plate and adhere to fluorophores
immobilized there. The purpose of this immobilization
is to suppress Brownian motion of non-tethered fluo-
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After 5 years of data taking: 

Next-Ton 
0ν half-life = 1.47 1027 years 

mββ = [15-42] meV 

Next-Ton + BaTa 
0ν half-life = 7 1027 years 

mββ = [10-28] meV

Background free, ten-ton experiment? Why not?



Summary �75

•The NEXT program was started 10 years ago by Dave 
Nygren, James White and JJGC.  

•The NEXT-White demonstrator is in full operation. 
Background index and bb2nu measurements foreseen for 
next year.  

•NEXT-100 will start operations in 2020.  

•The NEXT program has the potential to explore lifetimes 
of the bb0nu mode of 1027 y and beyond.  

•Exciting potential for a background-free experiment with 
Ba++ SMFI tagging. 
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Next apparatUS with Improved CApAbilities



Ithaca
When you set out on your journey to Ithaca, 
pray that the road is long,
full of adventure, full of knowledge.

Pray that the road is long.
That the summer mornings are many, when,
with such pleasure, with such joy
you will enter ports seen for the first time;

Always keep Ithaca in your mind.
To arrive there is your ultimate goal.
But do not hurry the voyage at all.
It is better to let it last for many years;
and to anchor at the island when you are old,
rich with all you have gained on the way,
not expecting that Ithaca will offer you riches.

Ithaca has given you the beautiful voyage.
Without her you would have never set out on the road.
She has nothing more to give you.
And if you find her poor, Ithaca has not deceived you.
Wise as you have become, with so much experience,
you must already have understood what Ithacas mean.

Constantine P. Cavafy

http://www.cs.cornell.edu/home/llee/extra/bike.html
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