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Introduction
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• To demonstrate the Majorana nature of neutrino the most sensitive experimental way is an 
observation of the so called 0νββ decay. 

• The three main requirements to search for such a rare phenomenon are:

Large masses of 
isotopes

Excellent energy 
resolution

Low background
Can we meet all the 
requirements at the 

same time?

goal of R2D2
(Rare Decays with 
Radial Detector)

• R2D2 is an R&D program aiming at the 
development of a zero background ton 
sca le de tec tor t o sea rch fo r the 
neutrinoless double beta decay.

How?
Using a spherical 

high pressure 
xenon TPC
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The detector
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• The detector is a spherical Xenon gas TPC as proposed by Giomataris et al. and used today in 
the NEWS-G collaboration for the search of dark matter. 

• The design has to be optimised for the background reduction in the ββ0ν  search with 136Xe 
(Qββ of 2.458 MeV).

- High energy resolution (goal of 1% FWHM at 136Xe Qββ) 

- Extremely low (zero?) background due to the very low 
material budget. 

- Scalability to large isotope masses (1 ton = 1 m radius at 
40 bars) 

- Low detection threshold at the level of 30 eV i.e. single 
electron signal. 

- High detection efficiency (∼ 65% after selection cuts). 

- Simplicity of the detector readout with only one (or few in 
the upgraded version) readout channels.

To be validated 
Main goal of R2D2 R&D

Detector features
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R2D2 collaboration
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• A proto-collaboration has been formed. 

• R2D2 is today approved as IN2P3 R&D to assess in particular the possibility to reach the 
desired energy resolution which is the major showstopper.
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The R2D2 Roadmap
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Up to 10 kg (40 bars) Xenon prototype (no low radioactivity) to 
demonstrate the detector capability in particular on the energy 

resolution

Prototype 1 Running - Funded by IN2P3 R&D

If prototype 1 successful 
and prototype 2 funded 

50 kg Xenon detector (low radioactivity) with LS veto for first 
physics results to demonstrate the almost zero background 

Prototype 2 Sensitivity studies carried out

JINST 13 (2018) no.01, P01009

Going towards a 1 ton background free detectorExperim
ent

Depending on the results 
and fundings

Demonstrator

mββ < 10 meV (I.H. covered)

mββ < 160 - 330 meV
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Experimental setup
• In 2018 the R2D2 was funded as R&D by the 

IN2P3: the main goal is the demonstration that 
the desired energy resolution is achievable.

• A 20 cm radius sphere made of Aluminium (i.e. 
not low background but much cheaper) was 
built at CENBG. 

• Efforts were made to reduce the noise as much 
as possible: 
- Isolated and temperature control led 

environment. 
- Vibrational insulation of the supporting 

structure and of the central anode. 
- Custom made low noise electronics (OWEN 

project). 

• The setup was commissioned and is currently 
being operated with Ar (98%) + CH4 (2%) at 
CENBG at pressures up to 1.1 bar.
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Certified sphere to go up to 40 
bars and Xenon recuperation 
system under commissioning
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Detector operation
• To assess the energy resolution a 4Bq 210Po alpha source 

of 5.3 MeV was used.

• The source deposited on a silver film is located on a 
support and inserted from the bottom of the detector. 

• Runs were taken at different pressures. 

• A pulse generator was used as input in the electronic 
chain to monitor and correct for possible electronics 
response variations. 

• Runs were typically short (30 minutes) to avoid to apply 
corrections due to gas degradation and new gas was 
used each time after pumping the detector at a vacuum 
of 10-6 mbar. 

• A dedicated simulation (JINST 15 (2020) C06013) based 
on Geant4 and Garfield++ was used to cross check the 
obtained results and confirm our understanding of the 
detector response.
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Figure 4. (a) 210Po ↵ source setup. The colour code represents the initial direction of the emitted
↵-particles which corresponds to the one used in the plots showing the output of the simulation. (b)
Schematic drawing of the experimental setup showing the central sensor support and the 210Po ↵

source.

the final experiment will observe electrons, at pressures below 10 bar it is very difficult to
contain them in the small detector volume, therefore ↵ particles were used despite their
ionisation quenching [25].
A 210Po source producing a single ↵ of 5.3 MeV with an activity of 4 Bq was used, allowing
to quickly evaluate the detector gain. The main drawback of such a source is the electric
field distortion due to the source itself and its support (see schematic drawing in Fig. 4(a)).
Although the source is on the outer surface to minimise potential perturbation of the electric
field, a weak distortion could still be present being more relevant for short alpha particle
tracks i.e. at high pressure. Furthermore some ↵ particles lose part of the energy in the
source support yielding a low energy tail which slightly spoils the gaussian peak we want to
measure as explained in Sec. 5.2.

The detector is sensitive to acoustic and electronic noise as well as to temperature vari-
ations. To work in the best available condition, the R2D2 prototype was installed at the
PRISNA facility [26] at CENBG, where the temperature is kept constant within 1 degree and
human activity is reduced the most. All the electronic devices have been grounded to a large
metallic plate on which the detector is hosted, and all commercial power supplies have been
replaced with laboratory power supplies to reduce the electronic noise. To reduce vibrational
noise impacting the baseline stability, and therefore the resolution, the sensor supporting rod
has been mechanically decoupled from the rest of the detector through a joint as shown in
Fig. 4(b). A sizable impact on the noise reduction at low frequencies was observed (factor of
about 2 at 60 Hz) and for the next detector upgrade a dedicated system to reduce vibration
on the central sensor will be developed.
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Detector stability

• Short runs over a period of 14 days without changing the 
gas were taken to assess detector stability. 

• Electronegative impurities concentration, due to material 
outgassing and leakages, increases in time resulting into 
a smaller number of electrons reaching the anode. 

• The mean value of the reconstructed energy for alphas 
and for the generator was used to estimate the signal 
loss variation in time. 

• A loss of 0.05% per hour was measured. 

• Such a loss can be corrected offline, and reduced in 
future upgrades of the detector reducing the leakage 
(today at 5 × 10-9 mbar/s).
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Figure 14. Example of the signal integral output for a run with 201Po source. The low energy shoulder
due to the source support is clearly seen.

gain variations due to electronics or external conditions, but also to control the impact of the
noise on the energy resolution.
The first few hours after switching on the HV were discarded to allow the detector to reach
a stability regime and then we took runs of 30 minutes. One of the output of the DAQ is
the integral of the signal in ADU: this was converted into equivalent reconstructed energy
assuming a linear scale using as anchor point in the conversion the 5.305 MeV ↵ peak of the
210Po source as shown in Fig. 14. These two peaks are fitted with Gaussian functions to find
the mean and its error, and those values were monitored over two weeks. Note that these runs
were not good for energy resolution measurements and the width of the Gaussians are quite
large. This is due to the fact that a commercial CREMAT preamplifier CR-110-R2 [23] was
used in the electronic chain with the addition of two diodes to avoid damaging the preamplifier
on possible discharges of the sensor. No discharges were observed and the preamplifier was
eventually replaced by OWEN one (see Sec. 2.2) with the advantage of having the protection
diodes integrated and a reduction on the baseline fluctuation.
The time variation of the signal integral is seen in Fig. 15. The generator pulses are rather
stable as expected (blue line), nonetheless for the first two days an increase of the signal value
is observed. We expected to reach a signal stability more rapidly since the temperature of
the electronics should normally be stable in a few hours. The cause of such an electronic gain
change might therefore be a different one, probably related to external and electronic noise.
The same signal increase at the beginning of the run is observed for ↵ signals (red line). The
use of a pulse generator allows us to disentangle the real variations of the detector gain since
we can correct for the electronic gain eliminating such variations. We multiplied the integral
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Figure 15. Time variation of the integral for generator pulses (blue line), ↵ signal (red line) and ↵

signals corrected according to the generator pulse value (green line).

value for a factor corresponding to the gain changes of the generator:

Sc(t) = S(t) ⇥ G(t0)

G(t)

where Sc(t) is the corrected source integral at a time t, S(t) is the original source integral at
a time t, and G(t) and G(t0) the generator signal at a time t and at the beginning of the run
(t0) respectively.
We see that once the signal is corrected we observe a gain loss in time as expected and the
loss amounts to about 0.05% of the signal per hour. Such a small loss can be corrected
offline and allows for a good quality data taking for periods of weeks. In addition it could
be avoided reducing the leaks and materials outgassing and recirculating the gas through an
oxygen removal cartridge.

5.2 Energy resolution

To compute the energy resolution we used the OWEN preamplifier to have the smallest pos-
sible noise. Fluctuation of the baseline would indeed directly affect the energy reconstructed
which is computed integrating the signal waveform subtracting the baseline. We obtained a
baseline noise (i.e. RMS variation of baseline of a single event in 1 ms before the trigger) of
about 8.2 ADU and an RMS on the baseline value (i.e. RMS of the mean baseline value of
all the events) of 13.1 ADU (without the RC ⇥ fe normalisation).
With the obtained noise we achieved a width on the reconstructed pulse generator signal
which corresponds to an intrinsic energy resolution of 0.5% FWHM at the ↵ peak. Such a
spread is driven by the electronic chain (preamplifier, DAQ, HV) and could eventually be
the ultimate limiting factor. One of the goals of the OWEN project is indeed to develop a
custom low noise readout in order to reduce the most the contribution of the electronics. The
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Results
• In ArP2 at 200 mbar alpha tracks have a length of about 15 to 20 cm. 

• Several variables were computed on the waveform to study the signals, two of which are the 
total reconstructed charge (Qt) and the signal length (Dt). 

• The agreement between data and simulation is very good and the detector behaviour is 
well understood.
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(a) (b)

(c) (d)

(e) (f)

Figure 11. Example of 2D representation of events for different observables for data at 200 mbar
and 720 V (Dt vs Qt (a), Pt vs Qt (c), Di vs Qt (e)) and corresponding simulation (Dt vs Qt (b), Pt
vs Qt (d), Di vs Qt (f)). For the data the colour stands for the number of event in the bin whereas
for the simulation the color indicates the original ↵ direction: cos ✓ = �1 for tracks going towards the
central anode and cos ✓ = 0 for tracks emitted orthogonally to the radial direction. The figures were
made with about 2000 events corresponding to about half an hour of data taking.
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SimulationArP2 at 200 mbar

Tracks hitting the cathode (large 
angle, cosθ<-0.4) have a decreasing 
Qt and the decrease in Dt is driven 
by threshold effect (smaller signals 
go under threshold in a smaller time).

Tracks not hitting the cathode at large angle (cosθ = -0.6) should 
have a smaller Dt with respect to tracks going towards the anode 
(cosθ  = -1) since electron drift is similar. It is not the case since 
diffusion effects dominate as demonstrated by the simulation.

Region 1

Re
gi

on
 2
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Resolution
• The resolution was computed at 200 mbar and 1.1 bar. 

• We obtained a similar resolution showing no impact due to the length of the tracks (from 3-4 
cm at 1.1 bar to 15-20 cm at 200 mbar). 

• We estimate to 0.6% the contribution of the source itself and of the electronics giving an 
intrinsic resolution due to the detector at 0.97%.
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Figure 17. Integral of the 5.3 MeV ↵ signal at 1.1 bar and 2000 V (a) and at 200 mbar and 720 V (b).
The Gaussian fit in red shows an energy resolution of 1.2% FWHM and 1.1% FWHM respectively.

was tuned in order to have almost the same gain as in the run at 1.1 bar. The obtained
energy resolution is 1.1% FWHM, which is better than the resolution obtained at 1.1 bar,
demonstrating that the resolution is not degraded when tracks are long. Results for such a
run are shown in Fig. 17(b). The possible explanation for the improvement at low pressure is
that longer tracks are less affected by electric field distortions around the source support. In
additions such tracks reach regions closer to the central sensor and are therefore less affected
by electronegative impurities as detailed in Sec. 3.
If we subtract quadratically to the resolution the contribution due to the electronics and the
source (i.e. 0.6% overall) we obtain 0.97% which is not far from the ultimate detector require-
ment (i.e. 1% at 2.458 MeV). Further improvements will come from a more homogeneous and
spherical sensor and from a reduction of the baseline fluctuation affecting the signal integral.
Note that, for ArP2, the expected intrinsic energy resolution due to stochastic fluctuation of
the number of generated electrons-ion pairs is expected to be 0.24%.

The excellent energy resolution is an important milestone in the R2D2 project demon-
strating that the energy resolution of the spherical TPC detector is not affected by long tracks.
This is a crucial condition for the final goal of the project i.e. the search of the ��0⌫ process
where long electron tracks have to be measured.

6 Future improvements

The R&D roadmap foresees measurements at high pressure to see if and how the gain changes
since the proposed detector for ��0⌫ decay search is expected to be filled with xenon at 40 bar.
The actual prototype allowed for a first evaluation of the energy resolution at low pressure
with argon, however the device is not certified to be operated at high pressure. A sphere
certified to allow for measurements up to 40 bars is under conception.
Another important point to control and improve is the uniformity of the electric field. The
measurements presented in this paper are taken in the lower half of the sphere, where no
field distortions should be present other than the possible one due to the ↵ source support.
However, the presence of the rod holding the central sensor results into a deformation of

– 19 –

200 mbar - 720 V1.1 bar - 2000V

JINST 16 (2021) 03, P03012
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Scintillation light detection
• We run the detector in pure argon to observe the scintillation light 

and use it as trigger for the first time in a SPC detector. 

• We used a 6x6 mm2 SiPM from Hamamatsu with a 15% QE at 128 
nm. 

• We observed two signals on the SiPM: a trigger given by the 
scintillation light and a second signal on time with the SPC signal 
due to the light emitted in the avalanche. 

• The time between the trigger and the SPC signal gives the electrons 
drift time and can be used to validate the Garfield++ simulation. An 
excellent agreement is found for alphas emitted at about 19 cm 
from the anode as expected.
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Figure 2: SiPM setup.

disappeared when the SiPM was turned on. To overcome this issue a grid
with holes of 1 mm and a transparency of 65%, was located in front of the
SiPM acting as a Faraday’s cage. Dedicated tests showed that turning the
SiPM on and o↵ had no impact on the signal and on the energy resolution
proving the e�ciency of the grid in shielding the SiPM field.

A final issue to deal with is the SiPM noise. Since the PM is operated
at room temperature a self-trigger rate at the level of kHz is expected for
thresholds up to 4–5 photoelectrons depending on the SiPM, however this is
not an issue since we could rise the threshold to a level of about 10 photo-
electrons and still observe the ↵ scintillation light. The problem is related to
the electronic noise due to the cables connecting the SiPM to the PCB. An
Hamamatsu readout circuit (MPPC C12332-01) self-regulated with respect
to temperature variations is used but this components have to be outside the
detector in order to avoid any material outgassing compromising the gas pu-
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Figure 7: Waveforms of SiPM (red) and anodic signal (green) for one event taken at
1.1 bar and 2200 V. The �t of about 300 µs is shown in orange.
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Figure 8: Drift time obtained applying di↵erent HV on the central anode. The di↵erent
histograms are normalized to one for a direct comparison independently on the number of
triggered events of the run.
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Avalanche light analysis

• We studied the light emitted in the avalanche to see if we 
could extract some information on the event topology. 

• Work is in progress but the SiPM signal width is 
proportional to the SPC signal rise-time typically used 
for radial position reconstruction. 

• A delayed signal is also observed on the anode 
corresponding to electrons ripped off the cathode by the 
avalanche photons (confirmed by the time difference 
which corresponds to a 20 cm drift). 

• Preliminary studies showed that the energy resolution 
is not degraded when such a component is present in the 
waveform, which indicates that it could be possible to 
operate the detector without a quencher.
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SiPM will produce enough detectable light and selecting this subsample of
events reduces the trigger rate by a factor of 10 at the level of 40 mHz.

Triggering on the SiPM selects a subsample of ↵ tracks in a specific
direction, however all these events should result in a signal on the central
anode. This is indeed what we observe and one example of the waveforms
for such events is shown in Fig. 7.

The time di↵erence �t between the SiPM signal and the SPC signal was
computed and it is shown in Fig. 8. The width of the �t distribution depends
on two factors: the spread due to the electron di↵usion during the drift, and
the fact that ↵ tracks of about 3 cm passing in front of the SiPM could have a
smaller radial distance from the anode which span between 20 cm and 17 cm.

A Garfield++ [9] simulation was carried out in order to benchmark the
drift velocity of electrons. The drift time for di↵erent values of the anode HV
was computed starting from radial positions spanning from 20 cm to 17 cm
from the detector center. The results are shown in Fig. 9 where the data
results are also overlapped indicating a mean minimal distance of the alpha
tracks of about 19 cm. This was confirmed by a Geant4 [10] simulation of
the ↵ tracks: de radial position of the energy depositions exhibits a peak at
19.76 cm with a mean at 19.15 cm as shown in Fig. 10.

3.3. Avalanche light analysis
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Photon emissions could locate in the orange region after the main peakFigure 12: Waveform showing the bump due to the secondary electrons highlighted in

orange. TO BE FIXED

Figure 13: Time di↵erence between the primary ionization signal and the bump due to
secondary electron signal.
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Next steps
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• The results should be confirmed in different conditions: 

- Higher pressure 

- With electrons 

- In xenon 

- With a diffuse source 

• Fundings requested for low background prototype

New detector certified at 40 
bars under commissioning

207Bi source available but more 
than 10 bars needed to contain 

electron tracks

Recuperation and recirculation 
systems ready in summer

Clean radon source yet to be 
found (problem with 

electronegative impurities)

• Possibility to use multi-sensor anode 
(ACHINOS).

 

(a)  (b) 
Figure 1. (a) The design of the multi-ball module ACHINOS. The balls are placed at an equal distance                  
from the center of the resistive ball, with a regular distribution among a canonical polyhedron (here in the                  
center of the faces of a canonical dodecahedron as an example). (b) The simulated geometry of the                 
detector with the ACHINOS sensor mounted. The central axis of the rod is aligned with the Z -axis and the                   
center of the bakelite ball is the origin of the coordinate system. 

 
 (a)                                                                                         (b) 

Figure 2. Streamlines of the electric field are displayed in three dimensions for HV 1 = 2000 V and HV 2=                   
0 V for (a) the whole geometry of the detector and (b) focusing on the anode balls and the central                    
electrode.  
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Conclusions
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• The R2D2 collaboration has been formed and the R&D has been approved by IN2P3. 

• Preliminary sensitivity studies showed that we could have competitive sensitivity with small 
masses and potentially zero background detectors with large masses. 

• A good detector understanding demonstrated and a resolution at the level of 1.1% was 
achieved with alphas at 5.3 MeV. 

• We also demonstrated that the energy resolution is not degraded going from point-like 
energy deposits to long particle tracks.   

• Results to be confirmed in xenon at higher pressure. 

• Scintillation light in argon used as trigger for the first time. 

• Results in xenon and at higher pressure expected by the end of the year.


