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T H E  S TA R T I N G  P O I N T

Topological advantage in gaseous TPCs

In a HPGXeTPC the S1 gives the t0 and the S2 gives 
the energy resolution below 1% FWHM, 
demonstrated by NEXT and AXEL.

At 15 bar a 0νββ event produces a trail of ionization 
electrons of O(10 cm) , with two clear blobs at the 
ends.

In NEXT this image is read by a plane of SiPMs at the 
anode, behind the electroluminescent gap.
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High Pressure Gaseous Xenon Time Projection Chamber with Electroluminescent Amplification 

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

136Xe Isotope: High enough abundance  
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technology (TPC) 
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Figure 16. Deconvolved 2.0 MeV 2⌫�� candidate obtained during the current data taking of
NEXT-White.

finding generally results from the enhanced resolving power o↵ered by RL-deconvolution.

Several illustrative examples for this are given in appendix C.

The focus of this work was on the analysis of experimental detector data recorded

at the 1.6 MeV 208Tl double escape peak. However, we also probed the possibility of

implementing the RL-based method to MC signal and background events in the Q�� ROI,

using the NEXT-White detector MC model. Preliminary analysis indicated that similar

levels of background acceptance and signal e�ciency are expected in this energy range.

However, since NEXT-100 will operate under di↵erent conditions (15 bar, 112 cm maximal

drift, 15.6 mm SiPM spacing and a di↵erent EL and tracking plane geometry), such results

are only of indicative nature, and a full simulation is deferred to a separate publication.

In spite of the improved event classification o↵ered by the new method, the full po-

tential Richardson-Lucy deconvolution is yet to be exploited by the collaboration, as the

results presented in this work remain a first-approach evaluation using existing tools (e.g.,

the BFS algorithm), which may not be optimal for the fine-grained output of the RL pro-

cedure. In particular, although figure 15 shows a clear improvement in track-end finding,

the distributions of deconvolved events have significant tails extending to large errors, re-

quiring the use of large blob radii for the analysis. Presently, several ideas for potential

improvement in event classification are under study. These include improved algorithms for

end finding, as well as the potential use of Machine Learning approaches for the classifica-

tion of high-definition reconstructed events. In addition, RL deconvolution can be further

developed to a full 3D method instead of following the slice-by-slice approach employed in

this work, which could lead to enhanced image quality along the drift direction. Lastly,

image quality may greatly benefit from the use of low-di↵usion gas mixtures, such as Xe-He

[45–47], or Xe “spiked” with low concentrations of molecular additives [48–50].

Prior to further improvement of the method, the collaboration is presently evaluating

the benefits o↵ered by RL deconvolution in its current form, in particular for the analysis

of 2⌫�� events in NEXT-White. As an example, figure 16 shows a 2.0 MeV double beta

candidate (from NEXT-White detector data) reconstructed by the RL procedure described

above.
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Fig. 3 Reconstruction of a ωω0ε track a GXeEL TPC with 1 m electron drift. The upper row shows the XY projection of
the track in pure xenon, for the characteristic distances. Near the cathode (→ 100 cm) in the middle of the drift (→ 50 cm)
and near the anode (→ 10 cm). The bottom row shows the same projections for Xe/He.

Fig. 4 Principle of operation of ITACA.

decay candidate and the anode that allows the recon-
struction of the ion track. We allow a minimum delay
time of td → t0 + 500 ms, which is needed to: a) com-
pute the energy of the event; b) reconstruct the event
rough topology and compute its barycenter, P ; c) com-
pute the projected position of the barycenter, P → in the
anode detection plane; d) move the so-called Molecular

Ion Detector, defined in section 5, to P
→, so that it can

capture the incoming ion track.
On the other hand, the ion drift velocity is 20 cm/s,

thus allowing 10 cm minimum drift is su!cient to grant
td > 500 ms. The fiducial region is thus 190 cm, and
only 5% of the fiducial volume in z is lost.

Ion collection is performed through a gated scheme,
in which the ion detector is exposed only within a se-
lected time window following a validated event. This
ion gate allows the collection process to be synchro-
nized with the prompt electron signal and provides the
basis for suppressing pile-up from unrelated ionization
events.

4 Principle of operation

4.1 Ion Chemistry and Charge Transfer

Primary ionization in xenon produces Xe+, which
rapidly converts to Xe+

2
through three-body associa-

tion:

Xe+ + 2Xe ↑ Xe+
2
+Xe. (2)

T H E  S TA R T I N G  P O I N T

Diffusion limits the electron image

XE

XE-HE

Reconstruction of a 0νββ track in a GXeEL TPC with 1 m drift: near the cathode (100 cm), mid-drift (50 cm) and near the anode (10 cm).
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4 Principle of operation

4.1 Ion Chemistry and Charge Transfer

Primary ionization in xenon produces Xe+, which
rapidly converts to Xe+

2
through three-body associa-

tion:

Xe+ + 2Xe ↑ Xe+
2
+Xe. (2)

• Xe-He mixtures have the advantage of 
reducing by a factor of ~2 the diffusion. 

• No impact on EL and primary 
scintillation. 

• Currently being tested in NEXT-
DEMO++ and planned for NEXT-HD. 

• Few millimeter diffusion for tracks far 
from the anode. 



T H E  S TA R T I N G  P O I N T

Additives and their cost

G A S S P R E A D  A F T E R  1  M P R I M A R Y  S C I N T I L L AT I O N E L E C T R O L U M I N E S C E N C E

Pure Xe (e−) ~10 mm — —

Xe + 10% He (e−)
arXiv:1710.05600

~4 mm Unaffected <10% decrease

Xe + CH 4 / CO 2 (e−)

arXiv:1704.01623 · arXiv:1806.05891
~2 mm ×5–×10 quenching 30–70% decrease

Pure Xe (ions)
THIS TALK

~1 mm Unaffected Unaffected
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T H E  I D E A

The mirror ion image

Electron and ion diffusion are anti-correlated: they travel in 
opposite directions.

Being far heavier, ion diffusion is much smaller: it sits at the 
thermal limit.

The two carriers differ by 104 in drift speed : seconds of 
latency between the arrival of the electrons and that of the 
ions.

S1 gives t0 ; the EL plane gives energy and the transverse 

image. The ion sensor has seconds to get into place at 
the predicted arrival position (as in the ion-to-sensor concept 
for Ba tagging).
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4.2 Transport Properties

The ion mobility µ is defined as the proportionality
constant between the drift velocity vd and the electric
field E:

vd = µE. (5)

In the low-field (thermal) regime, µ depends on the
ion–neutral collision frequency can be expressed [39] as

µ =
3qe
16N

√
2ω

mrkBT

1

ε(T )
, (6)

where qe = 1.602→ 10→19 C, N is the gas number den-
sity, and mr the ion–neutral reduced mass, and ε(T )
the momentum-transfer collision integral. The neutral
polarizability ϑ determines the strength of the long-
range polarization potential V (r) = ↑ 1

2
ϑe

2
r
→4.

Mobility in Argon at STP

From [40], the reduced mobility for NH+

4
in Ar is

K0 ↓ 2.28±0.1 cm2 V→1 s→1 at STP. The corresponding
mobility at 20 ↑C and 1 bar is:

µ(20 ↑C, 1 bar) = K0

T

T0

P0

P
= (2.28± 0.1)→ 293

273
(7)

↓ 2.5± 0.11 cm2 V→1 s→1
.

Extrapolating from Argon to Xenon at the same (T, P )

For interactions dominated by polarization forces,
the momentum-transfer integral scales as ε(T ) ↔
(ϑ/T )1/2, yielding the approximate scaling:

µB

µA
↗

√
mr,A

mr,B

√
ϑA

ϑB
, (8)

where mr is the ion–neutral reduced mass and ϑ the
neutral polarizability.

Using standard gas-phase polarizabilities [41]:

ϑAr = 1.6411 Å
3

, ϑXe = 4.044 Å
3

, (9)

gives ϑAr/ϑXe ↓ 0.41. For NH+

4
, mi = 18 u, while

m
Ar

g = 40 u and m
Xe

g = 131 u, giving mr,Ar ↓ 12.4 u
and mr,Xe ↓ 15.8 u, or mr,Ar/mr,Xe ↓ 0.78. The mo-
bility ratio is then µXe/µAr ↓ 0.57.

At 20 ↑C and 1 bar:

µ
Xe

1 bar
↓ 0.57→ (2.50± 0.11) ↓ 1.42± 0.06 cm2 V→1 s→1

.

(10)

Pressure scaling

In the low-E/N regime, µ ↔ 1/N ↔ 1/P (for fixed T ),
hence:

µ
Xe

30 bar
↓ µ

Xe

1 bar

30
↓ (0.047± 0.001) cm2 V→1 s→1

. (11)

Drift velocity

For E = 400 V cm→1:

vd = µE ↓ 0.05→ 400 ↓ 20 cm s→1
, (12)

so drifting from the edge of the fiducial region (20 cm
from the cathode) requires ↓ 0.5 s, while drifting the
full length of the chamber would take 5 seconds.

Di!usion

Fig. 6 Top: di!usion of the ion track as a function of L for
three di!erent drift fields. Bottom: the di!usion of ions and
electrons is anti-correlated (L is the distance to the node).

Assuming ions remain thermal, D = µkBT/qe,

ϖ =
↘
2Dt =

√
2kBT
qe

L
E
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T H E  I D E A

Electron image vs. ion image

Electrons in Xe-He

One cloud: blob structure and nearby X-rays are washed out.

Ions in pure Xe

Two blobs resolved; satellite deposits stay detached from the main track.
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Figure 15: The e!ect of the di!usion in the ion track (top panel) and the electron track

(bottom panel) in ITACA.
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T H E  I D E A

What the sharper image buys

SINGLE-TRACK CUT

×5.2
×3.1 on 214Bi · ×5.9 on 208Tl

TWO-BLOB CNN

×7
At 80% signal efficiency

OVERALL REJECTION

×35 better
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Table 14: ITACA Tl-208 Background (Ion and Electron Tracks)

Component Ion (ev/yr) Electron (ev/yr)

BFD 6.15→ 10→2 0.287

ICS (15 cm) 3.28 19.2

FC rings 2.58→ 10→2 0.151

Light Guides 0.481 3.17

FAT GEM 4.65→ 10→2 0.307

SiPM boards 5.62→ 10→2 0.371

Cathode 7.11→ 10→2 0.469

MARS Ti 1.48→ 10→2 9.75→ 10→2

MARS Kapton 1.26→ 10→3 8.29→ 10→3

MARS HDPE 6.19→ 10→4 4.09→ 10→3

TOTAL 4.04 24.0

Table 15: ITACA Total Background Summary (Ion and Electron Tracks)

Isotope Ion (ev/yr) Electron (ev/yr) Ratio

Bi-214 1.42 4.42 3.11

Tl-208 4.04 24.0 5.94

Total 5.46 28.4 5.21

Figure 16: ROC curves describing the separation between single electrons (from 214Bi)

and double electrons (from ωω0ε events). The black line corresponds to the ion track and

the red line to the electron track.
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T H E  Q U E S T I O N

How do we detect the positive ions?

R O U T E  A

Molecular imaging
Ion Tracking with Ammonium Cations Apparatus

NH4
+ formed from trace ammonia, collected on a fluorescent molecular 

sensor and read by laser scan.

R O U T E  B

Direct ion detection
Ion Tracking Apparatus with CMOS ASICs

Xe2
+ collected straight onto Topmetal pads. No additive, 10 ms CMOS 

frames.

arXiv:2512.08549
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R O U T E  A

Molecular imaging
Ion Tracking with Ammonium Cations Apparatus

arXiv:2512.08549



R O U T E  A  ·  M O L E C U L A R  I M A G I N G

Ion chemistry

1 Xe2
+ conversion

Three-body association after primary ionization.

2 Charge transfer to ammonia
Fast, exothermic, collision-limited ~4 ms at 1 ppb and 15 bar.

3 Proton transfer
NH3 has a very high proton affinity; ammonium forms in ~1.5 ms at 1 

ppb.

REACTION CHAIN

Xe+ + 2 Xe → Xe2
+ + Xe

Xe2
+ + NH3 → 2 Xe + NH3

+

NH3
+ + NH3 → NH4

+ + NH2
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R O U T E  A  ·  M O L E C U L A R  I M A G I N G

Are the ions stable?

NH3 + NH3 → NH4
+ + NH2 Both the reactive complex and the reaction 

products are dynamically stable.

METHOD

Car-Parrinello molecular dynamics, NVT canonical 
ensemble, 298 K.

CHEMISTRY BY

Iván Rivilla, Fernando Auria-Luna, Amaia Larumbe, Virginia San 
Nacianceno, Óscar R. Ballesteros, Abel de Cózar, Fernando P. 
Cossío
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R O U T E  A  ·  M O L E C U L A R  I M A G I N G

Collecting and measuring the ion track

Ion collection

Ions are focused onto the strips of a VCC microstructure: 50 µm strips at 
250 µm pitch. The target is moved on magnetic rails to the projected 
barycentre, computed from the electron track.

Ion sensing

The same techniques under development for Ba2+ tagging apply to NH4
+: 

a fluorescent chemical sensor on the cathode surface giving a clear 
luminescent response to the ion.

MONOCOLOR (FMI) BICOLOR (FBI)

doi:10.1088/1748-0221/17/08/P08002

STEFANO ROBERTO SOLETI ITACA: TPC AND ION TAGGING 17 SEPTEMBER 2026 12

O

N

O
O O

O
N

N
N

S
N

M
eO

O



R O U T E  A  ·  M O L E C U L A R  I M A G I N G

FMI vs. FBI: indicator survey
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R O U T E  B

Direct ion detection
Ion Tracking Apparatus with CMOS ASICs

arXiv:2604.02443



R O U T E  B  ·  D I R E C T  I O N  D E T E C T I O N

MARS — magnetically activated rotor system

• Collecting drifting ions on charge-sensitive pads is not a new idea: 
proposed for SeF6 in arXiv:1801.04513 and arXiv:2010.09226. 

Electrostatic focusing onto small electrodes gives high efficiency at low 
capacitance.

• But those approaches instrument large areas: over 2 million channels 
for a ton-scale TPC. In a HPGXeTPC the ion track position is predicted 
within milliseconds from the fast electron track, so only a small region 
needs instrumenting.

t ≈ 1 ms Electrons reach the EL plane: energy, topology, 
barycentre. The arm only moves for candidates.

1 ms – 1 s MARS drives the plate to the predicted landing point while 
the ions are still in flight.

t ≈ few s Xe2
+ lands on a sensor already in place; 10 ms frames 

read it in 3D.
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Figure 9: Schematics (not to scale) of the driving mechanism in MARS.

The drive-to-arm connection uses a nested shaft design that decouples azimuthal

rotation (ω) from radial translation (r):

1. Outer shaft (ω): The outer magnetic rotor drives a hollow Ti shaft rising through a

bore in the copper floor shield. It terminates in a central yoke to which the NACA0012

arms are bolted. Rotation of this shaft sets the ω coordinate.

2. Inner shaft (r): The inner magnetic rotor drives a solid Ti shaft running concentri-

cally inside the outer shaft. Above the yoke, a bevel gear redirects its rotation by 90→

into a spindle mechanism that moves the IDC.

4 NAUSICA for ITACA

Figure 10: Left panel: z extension of εε0ϑ events; right panel: bounding box (maximum

extension in x-y) of εε0ϑ events

As shown in Figure 1 the maximum di!usion of the ion track over the full drift is

approximately 2mm. On average (tracks produced in the middle of the drift) the di!usion

is of the order of 1mm.
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approximately 2mm. On average (tracks produced in the middle of the drift) the di!usion

is of the order of 1mm.
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R O U T E  B  ·  D I R E C T  I O N  D E T E C T I O N

NAUSICA — direct ion imaging

Xe2
+ collected directly on 0.5 mm Topmetal pads at 2 mm pitch, no additive.

80 × 80 pixels over 16 × 16 cm ; 10 ms frames give 0.5 mm along z.

A 0νββ event produces 105 ions spread over about 20 pixels per frame.

IONS /  PIXEL /  FRAME

~260
AGAINST 50 E −  ENC

S/N > 5
12-bit range

Occupancy statistics per 10 ms frame.

STEFANO ROBERTO SOLETI ITACA: TPC AND ION TAGGING 17 SEPTEMBER 2026 16

Figure 13: Top-left panel: number of pixels per frame; top-right: average number of

ions per pixel and frame; bottom-left: minimum number of ions per pixel and frame;

bottom-right: maximum number of ions per pixel and frame.

Readout architecture and digitisation

The detector is read out using a frame-based scan of all pixels. For an 80→ 80 pixel array,

corresponding to 6400 pixels, a frame period of 10 ms implies an aggregate sampling rate

of 6.4→ 105 samples s→1. Digitization is implemented at the periphery of the ASIC or on

an external carrier, using one or a small number of multiplexed ADCs. A resolution of 12

bits over a full-scale range of approximately 1 V provides quantisation noise well below the

analogue noise level.

Die size and tiling strategy

Given the large pixel pitch, only a modest number of pixels can be accommodated per die.

A baseline design adopts dies of approximately 20→ 20 mm2, each hosting a 10→ 10 pixel

matrix. This results in 100 pixels per die.

A full 80 → 80 pixel detection plane is obtained by tiling 8 → 8 = 64 such dies on a

common carrier, yielding a contiguous active area of 16→ 16 cm2. All periphery and I/O

structures are oriented outward, ensuring that no inactive regions are introduced within

the sensitive area.
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C O M PA R I S O N

The two routes, side by side

Molecular imaging
ROUTE A

CMOS
ROUTE B

ION READ NH4
+, after 100 ppb of NH3 Xe2

+, no additive

SENSOR Fluorescent molecular indicators Topmetal pads

READ-OUT Laser scan of the target 100 Hz CMOS frames

POSITIONING Moving rails Moving rails

R&D NEEDED NH4
+ recognition chemistry, in-gas mechanics ASIC integration, in-gas mechanics
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O U T L O O K

Where this leaves us

Topology in HPGXeTPCs is limited by electron diffusion, not by the 
read-out and gas additives quench primary scintillation.

Ions carry a mirror image of the electron track with ×10 smaller diffusion, 
arriving seconds later.

That buys roughly ×35 in background rejection.

Tiling the entire cathode is unfeasible: a small-area sensor must be 
placed at the expected arrival position.

ROUTE A

Needs better NH4
+ recognition chemistry, but builds on the Ba+ 

tagging R&D.

ROUTE B

Needs a large-area Topmetal ASIC with low ENC.

Both routes need a moving arm in high-pressure xenon — that is 
the shared engineering problem.
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A P P E N D I X

Backup
Chemistry, thermodynamics and synthesis behind the molecular route.



CH3-NH4+ as reagent

20STEFANO ROBERTO SOLETI

Iván Rivilla, Fernando Auria-Luna, Amaia 
Larumbe, Virginia San Nacianceno, Óscar R. 
Ballesteros, Abel de Cózar, and Fernando P. 
Cossío 
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ωb97XD(SCRF, ACE)/6-311++G(d) 
ΔG298 = -10.7 kcal/mol 
ΔH298 = -0.04 eV 

ΔG298 = -37.8 kcal/mol 
ΔH298 = -2.30 eV 

ΔG298 = -63.9 kcal/mol 
ΔH298 = -3.34 eV 

Fluorescent Bicolor Indicators as  
ITACA Sensors

Iván Rivilla, Fernando Auria-Luna, Amaia 
Larumbe, Virginia San Nacianceno, Óscar R. 
Ballesteros, Abel de Cózar, and Fernando P. 

Cossío 



𝐾 = 𝑒∆𝐺/𝑅𝑇 ≈ 1.2 ∙ 103

Simulated system 
  - G2 & : GAFF + MK charges wb97xd/6-311++g(d,p) 
  - ACN: GAFF 
  - : OPLSAA

𝑁𝐻+
4

𝑃𝐹−
6

Pulling

Umbrella Sampling simulations 

Iván Rivilla, Fernando Auria-Luna, Amaia 
Larumbe, Virginia San Nacianceno, Óscar R. 
Ballesteros, Abel de Cózar, and Fernando P. 
Cossío 
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a: X=O
b: X=NCH2Ph

A B C

D E

A-K: R=

F G

N

N

H

N

N

I

N

O

O

N

O

O
HN

J K

Comp.
φλexc  

 (free)
φλexc  

(·Ba2+)
λexc. max, 

(nm)
Emission max. λ(nm)

 (free) (·Ba2+)

1aA 0.19 0.07 388 538 518

1aB 0.15 0.16 242, 262, 386 482 482

1aC 0.16 0.21 339, 424 510 500

1aD 0.14 0.22 270 460 450

1aE* 0.005 0.26 262, 348, 366 391, 413, 437 395, 437, 411

1aF 0.57 0.23 240, 276, 342 447 429

1aG 0.007 0.05 350 387, 407 376, 396

1aH 0.21 0.14 304 532 498

1aI 0.38 0.33 250, 304 494 432Quantum yields фλ , were recorded for lexc max. (*)  Thapa, P. et al.,  Sci. Rep. 2019, 9, 15097. 10.1038/s41598-019-49283-x.        (**) Thapa, P. et al., ACS Sensors 2021, 6 , 192-202. 
10.1021/acssensors.0c02104

Chemical Synthesis of Selected FMIs  
X

O O

N

O O

Pd2(dba)3, Davephos, tBuONa

Toluene, 101 ºC, Ar, overnight

Toluene:THF (1:1), 66 ºC, overnight

NEt3

X
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HN

O O

R
R

+
Br
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1aA-bK

X
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2aA-bK

Ba2+Ba(ClO4)2
MeCN

· 2 ClO4



Chemical Synthesis of Selected FBIs (I)  

Nature 583, 48–54 (2020)



Methodology Overall yield

Linear None – 11 % 

Convergent 60 % 

FBI-G2

28

Linear Route

Convergent Route

Chemical Synthesis of Selected FBIs (II)  
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Linear Route

Convergent Route

FBI-G4Py

Chemical Synthesis of Selected FBIs (III)  

Methodology Overall yield

Linear 1 to 8 %

Convergent 55 to 60 % 
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FBI-G6
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Chemical Synthesis of Selected FBIs (IV)  

Methodology Overall yield

Convergent 40 % 
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