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• Trace amount (1-10 ppb) of 
ammonia (NH3) are added to the 
xenon. 

• Positive xenon ions are 
transformed into ammonium 
(NH4+) 

• The NH4+ ions travel towards the 
cathode, where they are detected 
by molecular sensors.

Ion Tracking with Ammonium Cations Apparatus
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Principle of operation
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High Pressure Gaseous Xenon Time Projection Chamber with Electroluminescent Amplification 

Fully active and 
homogenous detector 
→ source = detector 
Great intrinsic energy 

resolution in gas

More isotope in the 
same volume

136Xe Isotope: High enough abundance  
Qββ = 2.5 MeV 

Noble gas → ideally suited to detection 
technology (TPC) 
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TPC allows 3D event reconstruction → 
improvement signal over background 

Search for 0νββ requires: 
• Great energy resolution 
• Extremely low background 
• Scalability
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• Trace amounts (1-10 ppb) of ammonia
(NH3) are added to the xenon.
• In spite of the low concentration, this is
enough to transform positive xenon ions into
ammonium (NH+

4 ), without quenching the EL
light or a!ecting the electron drift.
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Charge transfer and ion chemistry 

3

Ion Chemistry and Charge Transfer

Primary ionization in xenon produces Xe+, which rapidly converts to Xe+2 through three-body
association:

Xe
+ + 2Xe → Xe

+
2
+Xe. (1)

In the presence of trace ammonia, charge transfer proceeds via two fast, exothermic reactions:

Xe
+
2
+NH3 → 2Xe+NH

+
3
, (2)

NH
+
3
+NH3 → NH

+
4
+NH2. (3)
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1. Xe2+ conversion via three-body association 
 

2. Charge-transfer step with ammonia, fast 
exothermic reaction (approx. 4 ms at 1 ppb and 15 
bar, collision limited) 
 

3. Proton transfer step. NH3 has a very high proton 
affinity, exothermic reaction and ammonium ion 
creation (approx. 1.5 ms at 1 ppb and 15 bar)
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Ion and electron diffusion
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Di!usion in eT and iT are anti-correlated

• The di!usion in ion and electron tracks is
anticorrelated.
• The upper panel shows the case in which the
electrons are near the anode (10 cm), and thus
ions are far away from the cathode (100 cm).
• The bottom panel shows the inverse case.
Ions are close to the cathode (10 cm) and thus
electrons are far from the anode (100 cm). The
availability of the ion track allows a uniform
topological reconstruction across the detector.
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Electron track Ion track

• Thermal regime 

 

• For a drift of 1 m this corresponds 
to approximately 1 mm. 

• The diffusion of ion and 
electron tracks is 
anticorrelated (upper panel 100 
cm, lower panel 10 cm). 

• The availability of the ion track 
allows a uniform topological 
reconstruction across the 
detector.

Di!usion

• Thermal regime: D = µkBT/e and

ω =
→

2Dt =
√

2kBT
e

L
E ,

• rms di!usion width for L = 1 m at E = 400 V cm
→1 and T = 298 K (kBT/e = 0.0259 V)

is:

ω =

√
2↑ 0.0259 V ↑ 100 cm

400 V cm→1
↓ 0.11 cm ↓ 1.1 mm, (10)
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Ion track collection
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• The electron cloud is collected in the SiPMs at the 
anode, about 1 ms after t0. 

• Defines the fiducial region as being about 20 cm 
from the cathode. Then one has O(∼350ms) to 
measure the event energy and do a rough 
reconstruction of topology. 

• Require that the energy of the event is in the ROI 
and that only one connected track, with no 
floating low energy clusters is reconstructed.

Ion Focusing

• The ions can be focused by a microstructure similar to the VCC shown in the figure.
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• The target includes an electrostatic grid set up to positive voltage (few tens of volts) which is 
reset to zero right at the time of ion arrival (known with μs precision). Finally a micro-structure (e.g., 
VCC) concentrates the ions (in strips or scanning pins).

• If both conditions are fulfilled, a “ββ0ν candidate trigger” is activated, and a robotic arm moves a 
target large enough to contain the ion track. The target is located such the target center matches the 
extrapolated barycenter of the track.
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Molecular sensors
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Molecular sensors

• The same techniques under development for
Ba2+ tagging can be applied here for NH+

4
sensing, e.g. the use of a fluorescent chemical
sensor deposited on the surface of the cathode
able to o!er a clear luminescent response to
the ions.
• In particular, we have checked that one of
our sensors (NAPH3) works.
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Molecular sensors

• Capturing NH4+ with a layer of NAPH3 + C11 sensors.
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• The same techniques under 
development for Ba2+ tagging can be 
applied here for NH4+ sensing, e.g. the use 
of a fluorescent chemical sensor deposited 
on the surface of the cathode able to offer 
a clear luminescent response to the ions. 

• In particular, we have checked that one of 
our sensors (NAPH3) works

NAPH3 w/o NH4+ NAPH3 w/ NH4+
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Outlook
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• Measurement of ion tracks with a diffusion of order 1 mm appears feasible in a high-pressure gas TPC. 
Implementing this concept requires extending the current technology to include controlled trace 
concentrations of NH3 and an ion-detection system located in the cathode region.  

• The additional discrimination provided by the sharply defined ion track further enhances the power of 
the high-pressure gas TPC technology. Notice that this includes rejection of near-track satellites (such as the 
characteristic X-rays from Bi-214 decays).
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• The deployment of this technology might be considered also for a LXe 
detector with two caveats: (1) the “aspect ratio" (diffusion/length) is one order 
of magnitude smaller, blurring the details of the track (assuming 400 V/cm), 
and (2) ion drifting time is in the order of minutes, making it more challenging 
to open the gate at the right time. 

Figure 11: Spatial distribution of the ions for a ωω0ε event in LXe with two di!erent

values of the transverse di!usion, at 10 cm from the cathode (left) and in the middle of the

TPC, at 50 cm (right). Compared to the HPXe case, the details of the track are significantly

blurred.

width after a drift length L is given by:

ϑT =

√
2kBT

e

L

E
, (4.1)

which depends only on the temperature and electric field, provided the ions remain ther-

malized. At T = 170 K and E = 400 V/cm, ϑT → 0.6 mm.

The typical range of a →2.5 MeV electron in xenon is of the order of 4 mm. This implies

that the ratio ϑt/Ltrack → 0.5/4 = 0.15 in LXe, more than an order of magnitude larger than

in gas ϑt/Ltrack → 1.1/100 = 1.1↑ 10→2. Alas, di!usion will blur the details of the track

even for ions, as illustrated in figure 11, leading to very poor separation between 1e and

2e tracks. Thus, although machine-learning algorithms might recover some discriminating

power, the technology does not seem practical in the case of a LXe TPC.

5 Conclusions

Measurement of ion tracks with a di!usion of order 1 mm appears feasible in a HPXe-EL

detector such as those developed by the NEXT collaboration. Implementing this concept

requires extending the current technology to include controlled trace concentrations of

NH3 and an ion-detection system located in the cathode region. Such a detector could

directly reuse most of the instrumentation developed for Ba2+ tagging and thus represents

a natural first step in this program. It is worth noting that similar ideas have been explored

in the context of directional dark matter detectors [50]. On the other hand, the case is less

– 16 –

• The sharp ion track may ultimately allow running a gas TPC at higher 
pressure (40 bar), thus compressing large masses in relatively small volumes.  

• Given the difference in drift velocity between Ba2+ and NH4+ ions (the latter 
drifting about five times more slowly), it appears feasible to deploy both 
“barium tagging” and “ammonium tagging” simultaneously.


