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HPXe-EL Technology

Energy Resolution< 1 % FWHM Topological Signature

Ultimate target: To develop a 
technology “background free” at 

ton scale

First target: To demonstrate 
background free at 100 kg scale
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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.

X (mm)
-60 -40 -20 0 20 40 60

Y 
(m

m
)

-60

-40

-20

0

20

40

60

X (mm)
40 60 80 100 120 140 160

Y 
(m

m
)

-100

-80

-60

-40

-20

0

20

✔

✔
✔

✘

SIGNAL BACKGROUND

Ba++ tagging



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 T0 ~ 1027  (1028 ) y

NEXT phases

• Staged
• Multiple modules
• Ba++ tagging

T0 ~ 1026 y

NEXT-ton (~1000 kg) 
[2022 - 2020’s]

Spokespersons: D. Nygren (UTA) and J.J. Gomez Cadenas (DIPC)
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Background budget
NEXT-100
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Bi214

4.09 x 10-4  cts / keV kg year

NEXT-100 HD expects a 
background rate of 

0.12 cts / year 

quasi background free 
Extrapolation ton scale

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
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NEXT-ton modules

• SiPMs mounted on ultra-low substrates. 
• Cool operation (-50 C) 
• Symmetric detector(s) 
• Several modules

• Ba tagging in HPXe seems a realistic possibility  
• Leading to background free ton-scale detectors


