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THE STARTING POINT

Topological advantage in gaseous TPCs

iC

e InaHPGXeTPC the S1 gives the t and the S2 gives Seisiaoct Electron gate  Anode

the energy resolution below 1% FWHM,
demonstrated by NEXT and AXEL.

e At 15 bar a OvB[3 event produces a trail of ionization
electrons of O(10 cm) , with two clear blobs at the
ends.

e In NEXT this image is read by a plane of SiPMs at the
anode, behind the electroluminescent gap.

Experimental NEXT-White 2/fvv candidates
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THE STARTING POINT

Diffusion limits the electron image

e- Xe: Ld=100 cm: ot =11.07 mm

XE-HE
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e- Xe/He: Ld=100 cm: ot =5.06 mm
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e- Xe: Ld=50 cm: ot =7.83 mm

e- Xe/He: Ld=50 cm: ot =3.58 mm
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iC

e Ye: Ld=10 cm: ot =3.50 mm * 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.

e Xe/He: Ldm10 cm: ot =1.60 mm * Few millimeter diffusion for tracks far
from the anode.
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THE STARTING POINT

Additives and their cost

GAS SPREAD AFTER 1 M PRIMARY SCINTILLATION ELECTROLUMINESCENCE
Pure Xe (e-) ~10 mm o -
) _

Xe +10% He (e) ~4 mm Unaffected <10% decrease
arXiv:1710.05600
Xe + CH,4/COy (e-

e 41 CO2 (&) ~2 mm x5-x10 quenching 30-70% decrease
arXiv:1704.01623 - arXiv:1806.05891

P Xe (i

ure Xe (ions) ~1 mm Unaffected Unaffected

THIS TALK

STEFANO ROBERTO SOLETI
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THE IDEA

The mirror ion image

ar V = fons (V=500 V/cm) ——— V =500 V/cm
e Electron and ion diffusion are anti-correlated: they travel in e e 125 | | = V= 5000 viem
opposite directions. 3t ol
g g 0.75
e Being far heavier, ion diffusion is much smaller: it sits at the % ?| °

thermal limit.

0.25

e The two carriers differ by 104in drift speed : seconds of oL . - - L ook . - o .
latency between the arrival of the electrons and that of the

L (cm) L (cm)
1 Tracki : Pressurized vessel
I0ONS. el 10-15 bar GXe
plane

e S1givest ; the EL plane gives energy and the transverse

iImage. 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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THE IDEA

Electron image vs. ion image

Electrons in Xe-He
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lons in pure Xe
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Two blobs resolved; satellite deposits stay detached from the main track.
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THE IDEA

What the sharper image buys

SINGLE-TRACK CUT TWO-BLOB CNN 1 0 il
%x5.2 x7
x3.1 on 214Bj - x5.9 on 208T]| At 80% signal efficiency a 0.8 -
-
i
O 0.6 -
OVERALL REJECTION E
© d
x35 better c 04
o
(V)]
0.2 -
= jon track (AUC = 0.9891)
- electron track (AUC = 0.9437)
0.0 .

0.0 0.2 0.4 0.6 0.8 1.0
Background Rejection
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THE QUESTION

How do we detect the positive ions?

ROUTE A ROUTE B

Molecular imaging Direct ion detection

lon Tracking with Ammonium Cations Apparatus lon Tracking Apparatus with CMOS ASICs

NH,+formed from trace ammonia, collected on a fluorescent molecular Xe * collected straight onto Topmetal pads. No additive, 10 ms CMOS
sensor and read by laser scan. frames.

arXiv:2512.08549 arXiv:2604.02443
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ROUTE A

Molecular imaging

arXiv:2512.08549

lon Tracking with Ammonium Cations Apparatus



ROUTE A - MOLECULAR IMAGING

lon 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

NH. has a very high proton affinity; ammonium forms in ~1.5 ms at 1

ppb.

Cation Electron
Gate Gate
O ® : E =
- -
A I Xe HoNR o
' i } ]
' 54 ------- HsNR ‘—\-4 Xe, : I =
- Ll 8
1 1 I .
N Xe H,NR : : .
Lons & T HiNR < xe | 2
Jigita B : [ %
s - v
-a 12 4, ' | |
i Xe Hp;NR |
. : - \_J :
: - PCecooes H-NR Xe+ : =
' Gas Xe L
Cathode Anode

REACTION CHAIN

Xe++ 2 Xe — Xez++ Xe
Xe2++ NH3—> 2 Xe + NH3+
NH3++ NH3—> NH,++ NH,
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ROUTE A - MOLECULAR IMAGING

Are the ions stable?

iC

NH,+ NH, — NH:+NH,
Both the reactive complex and the reaction

products are dynamically stable.

METHOD

Car-Parrinello molecular dynamics, NVT canonical
ensemble, 298 K.
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15 L V‘ | M k \ , ' ' /»‘ Yo'l A lvan Rivilla, Fernando Auria-Luna, Amaia Larumbe, Virginia San
= 7
| , \ Nacianceno, Oscar R. Ballesteros, Abel de Co6zar, Fernando P.
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ROUTE A - MOLECULAR IMAGING

Collecting and measuring the ion track

iC

lon collection lon sensing
lons are focused onto the strips of a VCC microstructure: 50 uym strips at The same techniques under development for Ba2* tagging apply to NH,*:
250 um pitch. The target is moved on magnetic rails to the projected a fluorescent chemical sensor on the cathode surface giving a clear
barycentre, computed from the electron track. luminescent response to the ion.
~~~~~~~~~~~~~~~~~~~~~~~~ TITTTTTT T T T T T T T T I MONOCOLOR (FMI) BICOLOR (FBI)
NH} ions | C 9 O
E ‘ | ‘ >‘ . L\/T,\_/J \"".'f .VV_)'
AW A ! | f 1T Drift space J ®
| J ' 1 / \ \ | | £405 o NT*O NH;. o I
- WY
* * ‘NN ﬁ. . _____________ ~\\[ lon collecting strips
|\ [ )\l Substrate et \
l“ | ﬂ‘ ”I | 'l ““’ i | mll . : \ - 100 0£+00 '/ = ._»\“‘.“\:»\‘."' | I:’:w \
p X - * Cathode backplate i «
250 lJm . .. ) ™ 1E-5M in ACN, excitation at 436 nm "‘._N\__:’-'C') li'; " \'Q
0E+00 Ll s, ] g
doi:10.1088/1748-0221/17/08/P08002 %00 0 200

* (nm)
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ROUTE A - MOLECULAR IMAGING

FMI vs. FBI: indicator survey

Free
. —— CH,NH,CI
1 Nem? 391,
Gn 413, 439
J Nem? 391,
Gn-MeN 413, 439
AN (nm) 0
J ey 232308
K9 (M-1 OV
ST
-‘I 1 1 1 =
300 400 500 600 700
A(nm)
Free
—— NH,PF,
Aem? (nm)] 391,
Gn 413, 439
Aem? (nm)] 391,
Gn-NH,P | 413, 439
AMN (hm) 0
fax 9.8
Kad (M_l) 6.54 *
103

300 400 500 600 700
A(nm)
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Ivan Rivilla, Fernando Auria-Luna, Amaia Larumbe, Virginia San Nacianceno, Oscar R. Ballesteros, Abel de Cézar, Fernando P. Cossio
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ROUTE B

Direct ion detection

arXiv:2604.02443

lon Tracking Apparatus with CMOS ASICs



ROUTE B - DIRECT ION DETECTION

MARS — magnetically activated rotor system

* Collecting drifting ions on charge-sensitive pads is not a new idea: _
proposed for SeFin arXiv:1801.04513 and arXiv:2010.09226. @~ | [~ o P R
Electrostatic focusing onto small electrodes gives high efficiency at low fon detector 7| don detector
capacitance. H

» But those approaches instrument large areas: over 2 million channels

Copper Shield Adtuator (Ne)

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 Actuator (air) @ @
needs instrumenting. ‘ >

Track Geometry (N=1099)

t=1ms Electrons reach the EL plane: energy, topology, Track Z-Extension Track Bounding Box
g (ux=41.4, ox=15.9 | uy=41.1, oy=16.1)
barycentre. The arm only moves for candidates. 150 F 150 | 125
[ = [ [ [ " 100
Tms-1s MARS drives the plate to the predicted landing point while 100 L £ L, |
: e , £ '
the ions are still in flight. - = 75
c
3
w
) 50 > 50 5.0
t=fews Xe,*lands on a sensor already in place; 10 ms frames _
read it in 3D. 23
. 0 - - -
° 0 20 40 60 80 100 120 0 50 100 150
Z Length (mm) X Extent (mm)
ITACA: TPC AND ION TAGGING 17 SEPTEMBER 2026 15
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ROUTE B - DIRECT ION DETECTION

NAUSICA — direct ion imaging

Pixel n Pixel n+1 . : S
Pixel Signal Statistics (N=1099)

Drifting charge

Avg Pixels Above Threshold Avg Max Signal
120 125
Focusinﬂ electrode — 100 100
Y 80 %
c c 75
J— Topmetal-, FR— —J'epmetal—: :>J’ - :>J’
| : i : 50
: : : : a0
| A <~Eic]:3;%§a' | | 20 25
i . : i i
I C: 1 1 1 0 0
| | : | 0 10 20 30 40 50 60 0 500 1000 1500 2000 250(
i M E i i N Pixels (>10 ions) Max Signal (ions)
Substrate i " cmos : G i Avg Min Signal (>10 ions) Avg Mean Signal
200
L] [ LRl 250 i
e Xe,*collected directly on 0.5 mm Topmetal pads at 2 mm pitch, no additive. .
200 B
I ]
e 80 x 80 pixels over 16 x 16 cm ; 10 ms frames give 0.5 mm along z. g 150 f S 100 |
w w
. g 100
e AOvBp event produces 10%ions spread over about 20 pixels per frame. o L
50 p
IONS / PIXEL /| FRAME AGAINST 50 E-ENC 0 . L 0 L
0 20 40 60 80 100 0 100 200 300 400 500

~260 SIN > 5 Min Signal (ions) Mean Signal (ions)

Occupancy statistics per 10 ms frame.

12-bit range
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COMPARISON

The two routes, side by side

ION READ

SENSOR

READ-OUT

POSITIONING

R&D NEEDED

STEFANO ROBERTO SOLETI

Molecular imaging
ROUTE A

NH,+, after 100 ppb of NH,

Fluorescent molecular indicators

Laser scan of the target

Moving rails

NH,*recognition chemistry, in-gas mechanics

ITACA: TPC AND ION TAGGING

CMOS

ROUTE B

Xe2+, no additive

Topmetal pads

100 Hz CMOS frames

Moving rails

ASIC integration, in-gas mechanics

17 SEPTEMBER 2026 17



OUTLOOK

Where this leaves us

iC

e Topology in HPGXeTPCs is limited by electron diffusion, not by the

read-out and gas additives quench primary scintillation. ROUTE A

Needs better NH, + recognition chemistry, but builds on the Ba*

e |ons carry a mirror image of the electron track with x10 smaller diffusion, tagging R&D.
arriving seconds later.

e That buys roughly x35 in background rejection.
ROUTE B

e Tiling the entire cathode is unfeasible: a small-area sensor must be Needs a large-area Topmetal ASIC with low ENC.
placed at the expected arrival position.

Both routes need a moving arm in high-pressure xenon — that is
the shared engineering problem.

e

STEFANO ROBERTO SOLETI ITACA: TPC AND ION TAGGING 17 SEPTEMBER 2026 18



APPENDIX

Backup

Chemistry, thermodynamics and synthesis behind the molecular route.



CH3s-NH;3* as reagent

o - + -
CH3-NH; + CH3-NH, — CH3-NH3; + CH3-NH

MeH,N"~+ NH>Me
0.0 ’o- ¢
(0.0)\

-10.0 \

-20.0

AGagg (kcal/mol)

~300| [ MeH,N ---NH,Me] ™

Ivan Rivilla, Fernando Auria-Luna, Arpaia
Larumbe, Virginia San Nacianceno, Oscar R.  —4().0

AHp=-0.41 eV
+

NH: + NH,
[MeH,N--H--NHMe |~ (-8.6)
TSh
(-14.6)

RPb 1.66

(-25.1)

c1.08

[MeH,N---NHMe

AH xy=—1.49 eV

Ballesteros, Abel de Cozar, and Fernando P.
Cossio

Reaction coordinate

EHU

STEFANO ROBERTO SOLETI

ITACA: TPC AND ION TAGGING
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Fluorescent Bicolor Indicators as
ITACA Sensors — —

AGygg = -37.8 kcal/mol AGygg = -63.9 kcal/mol

AH,o5 = -2.30 eV AH, o5 = -3.34 eV
M\ N /M
A

oA
&

O O
§ = QO <
) OJ \ y/ )

\ Y \ / O O Ivan Rivilla, Fernando Auria-Luna, Amaia

___/ ;
G2---Xa AG‘298 = -10.7 kcal/mol G2---Xb Larumbe, Virginia San Nacianceno, Oscar R.
Ballesteros, Abel de Cozar, and Fernando P.

wb97XD(SCRF, ACE)/6-311++G(d) AHzg = -0.04 eV Cossio



Umbrella Sampling simulations

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

K = eAO/RT oy 124103

Ivan Rivilla, Fernando Auria-Luna, Amaia
Larumbe, Virginia San Nacianceno, Oscar R.
Ballesteros, Abel de Cézar, and Fernando P.
Cossio

Umbrella-sampling free-energy profile

D
1

Free energy
(kcal mol-1)
N

Umbrella-window histograms

54
S
8000 433
C
4§ 6000 393
§ 4000 IA"\ /\ 22%
e NOR 5
2000 (7 \’ 0\'/ £
) ' ‘ 11

0 S jﬁ&&\\\"/‘b\ : \ \T\ . . . 1 -

2 4 6 8 10 12 14

Reaction coordinate, € (A)
Pulling
>



FMIs (Fluorescent Monocolor Indicators) vs
FBIs (Fluorescent Bicolor Indicators)

AN (nm)
- - >
off on g
I=
Ba2* Ba2* "
c |
v v %
-
)
on off
A (nm)
F M IS Ivan Rivilla, Fernando Auria-Lune}, Amaia
Larumbe, Virginia San Nacianceno, Oscar R

Ballesteros, Abel de Cozar, and Fernando P.
Cossio



FMIs (Fluorescent Monocolor Indicators) vs
FBIs (Fluorescent Bicolor Indicators)

fluorophore 1 (A5 I3)

exc
(W) ; |
C am A}'v - -
- g2 As on on
I(h2)
136, 0 0 136 2+ | Ar'eAr?
sa Xe > 5sBa® decouplin
w upiing ,:J > BaZ-o- Ba2+ Ba2+
2e = 3
Y ; g l3(23) v v
&Xc  fluorophore 2 (hz<h3 1)
/ 3()~2) rem
on’ on
(blue shift) (red shift)

(Vis)

fluorophore 2 (k4 Iy)

F B Is Ivan Rivilla, Fernando Auria-Luna, Amaia

Larumbe, Virginia San Nacianceno, Oscar R.
Ballesteros, Abel de Cozar, and Fernando P.
Cossio



FMI/FBI Series

FMI FBI-1G
@ d % d o
Ao NP U alke
> &o OJ RO &o oj
\__/ \__/
FBI-3G
Jd o
7NN f_/ N _o>
R Y ’ &o oj
\__/

FBI-2G

FBI-4G




Chemical Synthesis of Selected FMIs

NEt; — T\
O (n=1) > O O O O
<r_ _ﬂ> Br Toluene:THF (1:1), 66 °C, overnight <r_ _ﬂ> <F_ _ﬂ>
X HN + X N - X N—R
& J R=) 2o 1 Pd,(dba); Davephos, tBuONa n=0.1 & —)
(n=0) > &
O\ /O Toluene, 101 °C, Ar, overnight O\ /O O\ /O

A-K: R=

=NCH2Ph

ho‘oo
E

F G
=0 L0
H |
() (Y
N{ }é AN N{ }é
O . HN O S
J K

(-
Ba(ClO,), N\

MeCN

}“exc. max,

(nm)

X----Ba®*--N—R

Emission max. A(nm)

1aA

1aB

1aC

1aD

1aE*

1aF

1aG

1aH

0.19

0.15

0.16

0.14

0.005

0.57

0.007

0.21

0.21

0.22

0.26

0.23

0.05

0.14

388

242, 262, 386

339, 424

270

262, 348, 366

240, 276, 342

350

304

Quantum yields ij),\ were recorded for Iexbn?fé (*) Thapa, P. etal., Sci. 6&e§3@019 9, 15097. 10. 1038/54153%819 46£3 -X.

10. 1021/acsse950rs 0c02104

e [ e

538 518
482 482
510 500
460 450
391, 413, 437 395, 437, 41
447 429
387, 407 376, 396
532 498
(+*) Thapa, P.et ol ACS sensors 2021, 6, 192-202 432



Chemical Synthesis of Selected FBls ()

) o

13a-c 8c
13a: X=CH,R;,=H 8c: n=3
13b: X = CH, R2 = COzMe
13c: X= N, R, = H

Route B
m CsF, 18C5
MW, 180 °C,
250 W, 15 min
TMS OTf
4a-b
4da:m=0 '
4db:m=1

15a: X=CH,R;=H,m=0

15b: X=CH,R;=H,m=1

15¢c: X=CH, R, =CO;Me, m =0
15d: X=N,R;, =H,m=0

Nature 583, 48-54 (2020)

Pd;(dba);,
DavePhos, ~ (\0/\
Base I\D_@,N o
Toluene R °x~ N
110°C, 24h - 0 )
14a-c
14a: X=CH,R;=H,n=3
14b: X=CH, R, = CO;Me, n=3
14c: X=N,R,=H,n=3
Route A
l O m Pd(OAc),.
I | Seves
KoCO3
Br Br DMF, 160°C,
18a-b 16 h
sz(dba)&
DavePhos,
Base
-
Toluene
110°C, 24h

16a-d

16a: X= CH,R,=H, m =0
16b: X = CH,R,=H, m = 1
16c: X = CH, R, = CO,Me, m =0
16d: X=N,R, =H, m = 0

500 1

400 \ \‘ [ “

Intensity (a. u.)

200 |

100 | |

300 ||

600

Intensity (a. u.)

— FBI
— FBl-Ba?*
100
50
0
300 500 700
A (nm)
() N
AN S @ J
NN \N & J



Chemical Synthesis of Selected FBis (ll)

Jo N
s QL
-~
o) er N T,0. 2-MeOpyr
_ O.. NH £ e

6E+5

SE+5

3E+5

2E+5

OE+0

CH>Cl.

ovemight, 50 °C

NIS, NH,OAc

-

N MeCN reflux
2h

{1

~

2 3
(NH30H),SO,4
NaOAc | S Zn | oS
= ~ H = - .
EtOH, Brr °N | AcOH, Br N DCM, ovemight, r.t.
ovemight, r.t. N 30 min, r.t. AcO_ NH, NEt, =
OH © ® |
X
R
Linear Route 4
R
1-Aza-18-crown-6, Pdz(dba); — NBS, NH,OAc H,O/DMF, ovemight,
Davephos, tBuONa DCM, 15 min, r.t. 80 °C
- Z N7 - -
Toluene, ’\ <N
ovemight, 110 °C O
B
10 \O
Br PdClz(dppf). K3P04
H,O/DMF, ovemight, 80 °C
550 ) = 80 -
= N\
O " Convergent Route
fmax T 493 _ gdiiesT  —  Series? 8 {3_ —N) @ BO _ 70%
..... [
o FBI-G2 o 0
\/ ‘ V.
630 g
PdClz(dppf), KOAc, Ar NIS. NH.OA
Methodology Overall yield DMSO, ovemight, 80°C (" "N NIS.NH,OAc
O o) MeCN, 3 min, r.t.
450 538 625 713 800 %" [ j
Linear None — 11 % I NG o o)
(@) @)
NGNS
Convergent 60 % i

Pd;(dba); K;CO3
HP(tBu).BF,
DMF
ovemight, 120 °C

1-Aza-18-crown-6,
sz(dba) 3.
Davephos, tBuONa

Br

—

Toluene,
ovemight, 100 °C

28



Chemical Synthesis of Selected FBils (lll)

- N =
1 z e G !
X (NH30H),S0,, Brr N TN
| ) NaOAc S Zn S 0 C o Ny TR0 2MeOpyr P }_N/
— > > - > - . -
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