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High-pressure xenon gas time projection chambers for 0νββ in 136Xe 
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Precise energy resolution of <1% FWHM

Scalability to large masses of isotopically-
enriched 136Xe

Topological event identification 
distinguishes 2e from 1e events

Possibility to detect 136Ba++ daughter ion in 
coincidence with decay electrons

366 A. Bofofnikov, B. Ramsey / Nucl. Insfr. and Meth. in Phys. Rex A 396 (1997) 360-370 
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Fig. 5. Density dependencies of the intrinsic energy resolution (%FWHM) measured for 662 keV gamma-rays. 

above 2-6 kV/cm depending on the density, it remains 
practically unchanged. At low densities, < 0.55 g/cm3, 
the resolution almost saturates to the same limit, deter- 
mined by the statistics of ion production, while at high 
densities, > 0.55 g/cm3, it continues to slowly decrease 
even at the maximum applied fields, but still remains far 
above the statistical limit. This is seen more clearly in 
Fig, 5 which gives energy resolution versus density meas- 
ured for 662 keV gamma-rays at a field of 7 kV/cm. 
Below 0.55 g/cm3 the resolution stays at a level of 0.6% 
FWHM (statistical limit), then, above this threshold, it 
starts to degrade rapidly, and reaches a value of about 
5% at 1.7 g/cm”. Such degradation of the energy resolu- 
tion above 0.55 g/cm3 was observed previously in 
Ref. [3-53 and explained with the d-electron model, 
originally proposed to explain the poor energy resolution 
measured by others in liquid Xe [13]. According to this 
model, the degradation of the energy resolution is caused 
by the fluctuations of electron-ion recombination in 6- 
electron tracks. For intense recombination, which would 
give large fluctuations, a particular density of ionization 
must be reached. These conditions would appear first in 
the tracks produced by low-energy S-electrons. The 
fluctuations in the number of such tracks, which are 
governed by the statistics of the a-electron production, 
determine the intrinsic resolution. As the density in- 
crease, the ranges of the &electrons become smaller, and 
the conditions for strong recombination occur in tracks 
produced by S-electrons with ever higher energies. In 
other words, the average number of tracks with high 
recombination rate should increase with density even if 
the recombination rate itself saturates at high densities. 

This can be illustrated by comparing the density depend- 
ence of the intrinsic energy resolution and changes in the 
slope of l/Q versus log(E), i.e. coefficient B in function (l), 
which characterizes the recombination processes (see 
Figs. 5 and 6). Below 1.4g/cm3, the energy resolution 
almost follows the dependence of B. At higher densities 
B saturates, or even starts to decrease, while the intrin- 
sic energy resolution continues to degrade. The latter 
fact shows that at high densities the resolution is deter- 
mined by fluctuations in the number of tracks with high 
density ionization, rather than fluctuations in recombi- 
nation. 

Another interesting question is the origin of the step- 
like behavior of the resolution around 0.55 g/cm3 (see 
Fig. 5). The location of the step precisely coincides with 
the threshold of appearance of the first exciton band, 
which is formed inside a cluster of at least 10 atoms due 
to density fluctuations in dense Xe [S]. Delta-electrons 
interact with whole clusters to produce an exciton or free 
electron. This could be an additional channel of energy 
loss that would result in a sharp decrease in size of the 
a-electron tracks and, consequently, in a sharp rise of the 
number of tracks with high density of ionization above 
0.55 g/cm3. 

A similar behavior of the intrinsic resolution was ob- 
tained for all other energies used in these measurements 
(0.3-1.4 MeV). Below 0.55 g/cm’, the intrinsic energy res- 
olution saturates to its statistical limit, determined by 
(FW/E,)“‘, if a sufficiently high electric field is applied, 
and starts to degrade above 0.55 g/cm” even at high 
fields. Fig. 7 shows the dependence of the intrinsic resolu- 
tion (%FWHM) on the energy of gamma-rays plotted as 
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Bolotnikov and Ramsey, NIM A396 (1997)

Figure 1. Left: the Gotthard TPC inside its lead shielding; right: x-z and y-z projections,
the anode signal, as well as the reconstructed x-y projection, of a double beta decay candidate
event.

3.95 mm pitch, placed behind the grid, measured the induced signal. With that information,
combined with the z coordinate reconstructed from the drift time, the x-z and y-z projections of
events were obtained. A good double beta decay candidate is a single continuous track within a
radial fiducial volume with enhanced energy deposition at both ends. An example is shown in
fig. 1. The energy calibration and the resolution were measured using radioactive sources. The
double escape peak of the 2614 keV line in 208Tl was particularly useful. Extrapolating with
the square root of the energy, an energy resolution of ⇤(E)/E = 2.7 % was determined at 2.48
MeV, the energy Q0 released in the decay. This is an average over the drift depth of the TPC,
since no absolute z coordinate was available. No correction for charge losses along the drift path
could be applied. Using 210Po � decays on the cathode, with fixed z, an energy resolution of
⇤(E)/E = 1.1 % at 2.48 MeV was reconstructed, indicative of what can be achieved.

The experiment found no excess of events above background around Q0, within energy
resolution, and a limit of T 0�

1/2 > 4.4� 1023 yr was derived for neutrinoless double beta decay.

1.2. The MUNU TPC
The MUNU TPC [4] was inspired from the Gotthard one. It retained the same structure with,
however, a larger fiducial volume (1000 l, fig. 2). It was filled with CF4 at 3 bar for most
measurements. CF4 has a relatively low Z, meaning reduced multiple scattering. The TPC was
contained in an acrylic vessel, immersed in a tank filled with liquid scintillator and viewed by
photomultipliers. The scintillator served as a cosmics veto and as an anti-Compton detector. It
was very useful in further constraining the background. An other advantage of MUNU over the
Gotthard TPC was the read-out electronics, which brought a better spatial resolution.

Single electron candidate events were single continuous tracks within a fiducial radius, with
increased energy deposition at one end. An example is shown in fig. 2. An excess of electrons
from the reactor was found, in agreement within uncertainties with predictions of the standard
model. An upper limit of µ� < 9 � 10�11 µB on the magnetic moment of the neutrino was
derived.
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ββ candidate in Gotthard TPC

• Experimental programs: Gotthard, 
NEXT, PandaX-III, AXEL

See poster #197, B. Sugashima



PandaX-III
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PandaX-III

• 140 kg high pressure TPC at 10 bar at CJPL-II 

• Active volume: 1.6 m diameter, 1.2 m drift 

• Xenon mixed with TMA quencher gas to reduce diffusion 

• One charge-only readout plane with mm-level spatial resolution 

• 20×20 cm2 Micromegas modules, 52 in total 

• Good energy resolution and tracking capability  

• Half-life sensitivity with 3 years of data: 9×1025 yr (90% CL) 

• Detailed tracking features can further improve this sensitivity
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From prototypes to full vessel and field cage
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1 Micromegas

MiniTPC: 1 
Micromegas, 16 

bar

Prototype TPC: 
7 Micromegas, 10 bar

Full vessel: low-background SS, 
4 m3 inner volume

Field cage: tiled Kapton flexible PCB 
+ SMD resistors

• Aim to complete installation on surface: late 2022. Moving underground to CJPL-II: TBD.



Energy resolution and tracking capabilities

• Thermal bonding Micromegas tested in 
1/8/10 bar Ar mixture gases. 

• Best energy resolution at 6 keV (55Fe) is 
15% FWHM in 1 bar argon/CO2.
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• Kalman filter based track reconstruction on 
simulated data. 

• Improve sensitivity to 2.7×1026 yr after 5 yr.



NEXT
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Funded by:



The NEXT program
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Prototypes 
2008-2015 

• Demonstration of detector 
concept

NEXT-White 
2016-2021 

• Det. performance near Qββ 
• Background measurement 
• 2νββ measurement

NEXT-100 
2022-2025 

• Background measurement 
• 0νββ search

NEXT-HD 
2026? 

• 0νββ search through 
inverted ν mass ordering

NEXT-BOLD 
• Barium tagging for bgr-free 

experiment

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

1 kg 100 kg4 kg

1 ton



NEXT-White

• Operated at the LSC, 2016-2021. 

• enrXe and depXe gas. Calibration and low-background data.
10

JINST 13 (2018) 12, P12010
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NEXT-White calibration data results

• 137Cs (662 keV) and 228Th (2615 keV) calibration gamma sources 

• Energy resolution: 0.91±0.12% FWHM at 2.6 MeV 

• Topology: 1e background rejection factor of 27 for 57% 2e signal 
efficiency at 1.6 MeV 
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JHEP 10 (2019) 230

JHEP 07 (2021) 146

See poster #602, A. Redwine



NEXT-White low-background data results

• Low-bgr data samples: 271.6 d 136Xe-enriched (90.9%), 208.9 d 136Xe-depleted (2.6%). 

• Select 2e-like events in 3.5 kg Xe fiducial mass. 

• Direct background subtraction technique, ~independent of background model assumptions.
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T1/22ν = (2.34 +0.85-0.49)×1021 yr

T1/20ν > 0.6-1.3×1024 yr  
at 90% CL

Qββ

enrXe

depXe

enrXe - depXe

Phys.Rev.C 105 (2022) 5, 055501

PRELIMINARY

See poster #219,A. Usón



NEXT-100

• Demonstrate ~bgr-free conditions at 100 kg scale, 0νββ search, tonne-scale demonstrator. 

• Target background rate of 5×10-4 counts/(keV⋅kg⋅yr) or 1 count/(ROI⋅yr) 

• Status: in advanced construction stage, to be installed at the LSC in late 2022.
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See poster #143, G. Diaz

  JHEP 05 (2016) 159

See poster #140, K. Mistry

1.2 m

1.1 m



NEXT-100: external shield and gas system infrastructures

• External shield: refurbishing of lead 
castle completed. Now with more 
radiopure steel!
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• Gas system: upgrades with respect to NEXT-
White completed.



NEXT-100: pressure vessel and inner copper shield

• Pressure vessel: stainless steel, 13.5 bar operational pressure. Status: completed. 

• Inner shield: radiopure copper, 12 cm thick. Status: forged & machined, cleaning ongoing.
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NEXT-100: time projection chamber

• Field cage: copper rings on HDPE staves, PTFE panels for increased light collection. Status: 
design and prototyping completed, production orders ongoing. 

• EL (anode, gate) and cathode: stainless steel rings with wire meshes. Status: design and 
prototyping completed, production orders ongoing.
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See poster #140, K. Mistry



NEXT-100: readout planes and associated electronics

• Energy plane: 60 PMTs behind sapphire windows. Status: PMTs procured, PMT bases built, 
electronics completed, windows’ coating ongoing.  

• Tracking plane: 56 boards with 64 SiPMs each, for a total of 3584 SiPMs. Status: boards 
built and TPB-coated, electronics completed and tested.
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�9NEXT-100 TP
FULL NEXT-100 ELECTRONICS AT IFIC

Tests ongoing by all the usual suspects



NEXT at the tonne scale: NEXT-HD
• Multi-module system with first module at      

Laboratorio Subterráneo de Canfranc (Spain) 

• Baseline concept: 

• Symmetric TPC with central cathode 

• Two dense SiPM tracking plane readouts 

• Barrel fibre detector for energy measurement 

• Gas additives (eg, 4He) to reduce diffusion 

• Estimated background 0.09-0.27 counts/(ton⋅yr⋅ROI) 

• Other advanced readout options explored, and 
cosmogenic background mitigation using 3He
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See poster #452, J. Martín-Albo, H. Almazan, L. Arazi See poster #70, L. Rogers
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Barium tagging R&D and NEXT-BOLD

• Idea: single molecule fluorescent imaging to detect Ba2+ produced in double beta decay. 

• Status: NEXT has developed custom barium chemosensing molecules with demonstrated 
single ion response in dry environments. 

• Two approaches:  

• Turn-on 

• Bicolor
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See poster #51, P. Herrero

See poster #323, K. Navarro

For recent barium tagging R&D achievements in NEXT: 
see talk by Stefan Schönert in S5!



NEXT 0νββ sensitivity prospects at the tonne scale

• NEXT-HD first module can reach 1027 yr 
sensitivity with 4 ton⋅yr exposure. 

• To explore 1028 yr sensitivity, further 
background reduction and higher signal 
efficiency are essential. 

• Both may be achieved with NEXT-BOLD, 
implementing Barium Tagging.
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JHEP 2021 (2021) 08, 164



Summary

• The three aces and the joker up our sleeves for 0νββ searches in 136Xe gas detectors: 
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• Recent past: detector performance, backgrounds and 2νββ with NEXT-White (~4 kg) 

• Short-term future: 0νββ searches at the 100 kg scale with PandaX-III and NEXT-100 

• Medium term: 0νββ searches at the tonne scale with NEXT-HD 

• Longer term: NEXT-BOLD, a tonne-scale detector implementing barium tagging

♠ energy resolution, ♦ topological identification, ♣ scalability, 🃟 barium tagging



Related NEUTRINO 2022 posters to check out!
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Poster # Title Presenter Collaboration

51
Demonstration of Barium ion trapping by organic submonolayer in 

ultra-high vacuum: toward a barium tagging sensor for NEXT, an ultra-
low background 0νββ decay detector

P. Herrero NEXT

70 NEXT-CRAB: A High Pressure Xenon Gas Time Projection Chamber 
with Camera Readout for Neutrinoless Double Beta Decay Searches L. Rogers NEXT

140 The NEXT-100 time projection chamber and electroluminescent region K. Mistry NEXT
143 Simulation of NEXT-100 detector G. Diaz NEXT

197
AXEL Xenon gas TPC for neutrinoless double beta search: prototype 

performance and status of 1,000L detector construction B. Sugashima AXEL

219 Xe-136 double beta decay searches with the NEXT-White detector A. Usón NEXT

323
Progress towards single barium ion capture and imaging in high 
pressure xenon gas: a prototype barium tagging sensor for NEXT 

neutrinoless double beta decay searches
K. Navarro NEXT

452 NEXT-HD, a tonne-scale detector for neutrinoless double beta decay 
searches

J. Martín-Albo, H. Almazan, L. 
Arazi NEXT

602 Advances in topological studies in NEXT-White and beyond A. Redwine, L. Arazi, Y. 
Ifergan, A. Simon, H. Almazan NEXT



Backups

23



PandaX-III electronics

• Frontend electronics based on AGET ASIC chips 

• Kapton-based low background FEC 

• Mass production in progress 

• Backend: The Trigger and Data Concentrator 
Module – TDCM 

• Designed by Saclay for PandaX-III and T2K-II 

• A custom-made 6U form factor carrier board with 
two physical layer mezzanine cards for 32 FECs
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PandaX-III DAQ chain

• DAQ chain joint test is on-going with 
promising results 

• DAQ software based on MIDAS reaches 
stable state
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PandaX-III infrastructures

26

Gas circulation and purification system Detector installation 
fixture

Clean room at CJPL-II



NEXT detection concept
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enrXe depXe

0νββ search in NEXT-White

• In 100 keV wide energy ROI near Qββ: 0 events in enrXe run, 4 events in depXe run 

• Background expectation: 1.8±0.3 yr-1 radiogenic, 1.5±0.9 yr-1 cosmogenic 28

PRELIMINARY



NEXT-White four ββ candidates in ROI, depXe run
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PRELIMINARY
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• Target background budget: 5×10-4 
counts/(keV⋅kg⋅yr), or 1 count/(ROI⋅yr) 

• Estimated main contributors 
(preliminary): copper shield, tracking 
readout connectors, PMT bases 

• Global 0νββ efficiency: 28% 

• For a 3-yr exposure and at 90% CL: 

• T1/2 > 6×1025 yr 

• mββ < 80-160 meV
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EDF

ISM

  JHEP 05 (2016) 159



Fluorescence emission

λ
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Δλ = 61 nm

FBI
FBI-Ba

Ba2+

Barium tagging R&D and NEXT-BOLD

• Idea: single molecule fluorescent imaging to detect 
Ba2+ produced in double beta decay. 

• NEXT has developed custom barium chemosensing 
molecules with demonstrated single ion response in 
dry environments. 

• Two approaches:  

• Turn-on 

• Bicolor
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See poster #51, P. Herrero

See poster #323, K. Navarro
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Nature 583 (2020) 7814, 48–54 

ACS Sens. 6 (2021) 1, 192–202 



NEXT barium tagging demonstrator phases

• Single ion sensor concepts fairly advanced  

• Important R&D remains for ion concentration and collection
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Sensor-to-ion (BTD concept) Ion-to-sensor (CRAB concept) 


