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R2D2: a xenon TPC for neutrinoless double beta decay
search
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The search for neutrinoless double beta decay could cast light on one critical piece missing in
our knowledge i.e. the nature of the neutrino mass. Its observation is indeed the most sensitive
experimental way to prove that neutrino is a Majorana particle. The observation of such a
potentially rare process demands a detector with an excellent energy resolution, an extremely low
radioactivity and a large mass of emitter isotope. Nowadays many techniques are pursued but
none of them meets all the requirements at the same time. The goal of R2D2 is to prove that a
cylindrical high pressure TPC filled with xenon gas could meet all the requirements and provide an
ideal detector for the 0𝜈𝛽𝛽 decay search. The prototype has demonstrated an excellent resolution
with argon and xenon up to the maximal possible operation pressure of 10 bar. The resolution is
constant in the pressure range studied and almost independent on the gas used in the TPC. In the
present document the R2D2 results obtained with the current prototype is discussed as well as the
project roadmap and future developments.
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R2D2: a xenon TPC for neutrinoless double beta decay search

Figure 1: Artistic view of the CPC detector.

1. Introduction

The nature of neutrinos (i.e. Dirac or Majorana particle) is one of the open questions in
particle physics. The most sensitive experimental way to demonstrate the Majorana nature of
neutrinos would be the observation of the so called neutrinoless double beta decay (0𝜈𝛽𝛽). The
signature of such a process is the observation of a peak in the energy distribution of the two
electrons corresponding to the transition energy of the reaction, the so called Q𝛽𝛽. Furthermore,
the identification of the two electron tracks would be desirable to unambiguously reject any source
of background. The optimal detector to observe such a rare proces has to meet several requirements,
namely: an excellent energy resolution, a low background detector and large masses of isotopes.
The goal of the R2D2 (Rare Decays with Radial Detector) project is to develop a detector meeting
all these three requirements at the same time, with the additional ability of performing some coarse
tracking. R2D2 is indeed an R&D program aiming at the development of a zero background ton
scale detector to search for the neutrinoless double beta decay, exploiting a radial high pressure
xenon time projection chamber (TPC).

2. Geometry and operation mode

The working principle of the detector (artistic view in Fig. 1) is the same of a TPC: an electric
field is created between a central grounded anodic wire and the outer cathode at a negative high
voltage. The electrons produced by the ionisation of the passage of particles through the xenon gas
are drifted towards the anode and an electric current is registered. The proposed detector is simple,
with only one readout channel, and has the smallest possible radioactivity since all materials are
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Figure 2: Picture of the CPC prototype (left) and working principle (right).

reduced the most leaving the minimal necessary detector structure.
Two possible detector geometries were considered and the cylindrical TPC (CPC for cylindrical
proportional counter) was selected. The main reasons driving such a choice were: a more homo-
geneous field around the anodic wire, a stronger field at cathode (1/𝑅 dependence where 𝑅 is the
radial distance from the anode against 1/𝑅2 dependence in case of spherical geometry), and a noise
independent on the high-voltage if the anodic wire is grounded.

The CPC can be operated in two modes: ionisation (i.e. no gain) or proportional (i.e. avalanche
near the anode with a resulting gain). The ionisation mode was selected for the several reasons:
provided that the signal-to-noise ratio is sufficient, the ionisation mode yields the best possible
energy resolution avoiding any stochastic fluctuation on the collected charge due to the avalanche
process. The energy resolution could also be affected by tiny inhomogeneities of the wire diameter
which, in proportional mode, would result in different gains as a function of the position, whereas
in ionisation mode the impact is negligible since there is no gain. Furthermore, in the ionisation
regime the signal is mostly given by the electrons drift, on the other hand, the proportional signal
is mainly due to the drift of ions produced in the avalanche: given the low ion mobility in xenon,
electronegative impurities become much more critical. Last but not least, the ionisation regime
allows to use thick wires as anode and less demanding high voltages for the same drift field at the
cathode position.

3. Prototype design and operation

The R&D started in 2017 and several prototype were built demonstrating the independence of
the energy resolution from the track length [1], and yielding energy resolutions independent on the
gas and pressure [2, 3].
The current prototype is a CPC of 27 cm height and 11 cm radius which is inserted in the previous
spherical TPC vessel to take measurements up to 40 bar. Measurements of material outgassing were
made for the choice of cathode and supporting structure and we finally chose Teflon as supporting
structure and a cathode made of 200 𝜇m thick Aluminum. The high voltage was applied to the
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R2D2: a xenon TPC for neutrinoless double beta decay search

Figure 3: Example of a registered signal. The raw waveform is shown in blue, the signal deconvolved from
the electronics response is shown in orange, the reintegrated signal is shown in green (visually reduced by a
factor of 30), and the threshold is shown in red. The vertical dotted and dashed lines show the extremes of
the 𝐷ℎ and 𝐷𝑡 intervals, respectively.

cathode up to values of 5 kV and different anodes were tested from wires of 50 𝜇m diameter, to
rods of 1.2 and 12 mm diameter. A picture of the detector as its electric field and working principle
is shown in Fig. 2.
To characterize the detector two calibration sources were used: a 210Po 𝛼 source of 5.3 MeV
deposited on a silver plate of 0.6 × 0.6 cm2 , and positioned on the outside of the cathode behind a
hole of 1 mm radius, and a diffuse 222Rn in the gas emitting 𝛼 of 5.5 MeV in all the volume.

To operate the detector in the best conditions the gas should be free from electronegative
impurities which result in an attachment of the drifting electrons and a reduction of the signal
impacting the energy resolution. A system based on cold and hot getter was set up granting
purities up to few ppb in terms of electronegative impurities such as Oxygen. The gas is constantly
recirculated through the getter to grant a constant purity, and the achieved purity in terms of “electron
lifetime” at the level of 1 ms at 10 bar is good enough for the prototype but far from the values
obtained in liquid argon and xenon (20 ms and 10 ms, respectively). The drawback of the system
is a limit for the operation of the detector at 10 bar.

Temperature should also be monitored since variations at the level of 1 degree showed a
variation on the energy resolution at the level of 1%. The temperature is therefore monitored
constantly and corrections are applied to long runs lasting more than 1 hour (i.e. for run using radon
source).

4. Signal and results

The reconstructed waveforms are used to extract observables such as the total charge of the
event, its duration and the width at half height. Each observable (see Fig. 3) is associated to a specific
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Figure 4: Example for a run taken with xenon at 3 bar, anode of 1.2 mm diameter, and -3000 V applied to
the cathode. In the top part of the figure the data is shown in the (𝑄𝑡, 𝐷𝑡) and (𝑄𝑡, 𝐷ℎ) planes. On the
bottom left the fitted 𝑄𝑡 for 210Po events is shown, whereas on the bottom right the fit for 222Rn is shown.

feature of the original signal: 𝑄𝑡 is related to the reconstructed energy, 𝐷𝑡 to the maximal radial
distance from the anode, and 𝐷ℎ to the radial extent of the track. To validate our understanding of
the detector response, a simulation based on the Shockley-Ramo theorem was developed and a very
good agreement was found between the registered and the simulated waveforms.
The observables were used to select the events, namely the Po or the Rn issued alphas, in the
(𝑄𝑡, 𝐷𝑡) and (𝑄𝑡, 𝐷ℎ) planes. The variable 𝑄𝑡 of the selected events was fitted to establish the
energy resolution. An example for a run taken with xenon at 3 bar, anode of 1.2 mm diameter, and
-3000 V applied to the cathode, is shown in Fig. 4.
Runs were taken in argon and xenon at different pressures and with different anode dimensions. The
results are summarized in Fig. 5. The main outcomes are that the resolution is mostly independent
on the gas pressure and on the gas nature. Moreover the resolution is similar for diffuse and
point-like sources.

5. Conclusions and outlooks

We conceived a simple and cheap detector with only one readout channel and with the lowest
possible material budget, which does not require cryogenic infrastructures. In the R&D started in
2017 we demonstrated that the proposed CPC can achieve an energy resolution at the level of 1%
FWHM and a complete sensitivity study including the obtained performance of a CPC is ongoing.
The next key step is to demonstrate that we can have a low-background composite detector reducing
the mass as much as possible. Test on a composite detector are ongoing (40 cm drift on a 1.9 m long
tank) and studies of the composite material are performed in parallel to reduce the radioactivity. If
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Figure 5: Results for 210Po (left) and 222Rn (right). The blue points represent xenon measurements whereas
the red ones were taken operating the detector with argon. Dashed lines and solide lines are for data taken
with 50𝜇m and 1.2 mm diameter anode, respectively.

successful, the proposed detector would be competitive solution for the neutrinoless double decay
search at the ton scale to rule out the inverted mass hierarchy region.

References

[1] R. Bouet, J. Busto, V. Cecchini, C. Cerna, A. Dastgheibi-Fard, F. Druillole, C. Jollet, P. Hell-
muth, I. Katsioulas and P. Knights, et al. JINST 16 (2021) no.03, P03012 doi:10.1088/1748-
0221/16/03/P03012 [arXiv:2007.02570 [physics.ins-det]].

[2] R. Bouet, J. Busto, V. Cecchini, C. Cerna, P. Charpentier, M. Chapellier, A. Dastgheibi-Fard,
F. Druillole, C. Jollet and P. Hellmuth, et al. JINST 18 (2023) no.10, T10001 doi:10.1088/1748-
0221/18/10/T10001 [arXiv:2309.13637 [physics.ins-det]].

[3] R. Bouet, J. Busto, V. Cecchini, P. Charpentier, M. Chapellier, A. Dastgheibi-Fard, F. Druil-
lole, C. Jollet, P. Hellmuth and M. Gros, et al. Eur. Phys. J. C 84 (2024) no.5, 512
doi:10.1140/epjc/s10052-024-12864-w [arXiv:2404.19374 [physics.ins-det]].

6


	Introduction
	Geometry and operation mode
	Prototype design and operation
	Signal and results
	Conclusions and outlooks

