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o The TOOMPET project: molecular imaging with ultra-high resolution

o Deliverable: Small-animal PET scanner with Monolithic silicon pixel detectors

m  SNSF SINERGIA four years project (from 2021 Q2)
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m  Three partners:
UNIGE: Development and construction of the 100UPET small-animal scanner

EPFL: Sophisticated imaging reconstruction with ML and NN
to cope with the 1073 possible lines-of-response

UNILU: Study the onset and progression of atherosclerotic plaques in arteries
to better understand, monitor and treat atherosclerosis in ApoE*/- mice
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o Long tradition at UNIGE with hybrid silicon detectors:

o pixel detectors for ATLAS IBL and ITk upgrade; strips (ATLAS SCT, AMS, DAMPE)
o In 2015: kick-off R&D on monolithic pixel sensors in SiGe BiCMOS technology

o Aiming at MAPS with timing resolution below 100ps (for MIPS)

innovations
. . . for high
m  MONOLITH project, see poster on Solid State Detectors session saiforaiice

talk by Magdalena Munker (“Trento” Workshop 2022)
m  FASER pre-shower detector, see poster on FE, Trigger, DAQ and Data Management session
talk by Lorenzo Paolozzi (“Trento” Workshop 2022)
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Monolithic prototype ASICs for timing purposes
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https://agenda.infn.it/event/22092/contributions/166616/
https://indico.cern.ch/event/1096847/contributions/4743692/
https://agenda.infn.it/event/22092/contributions/166578/
https://indico.cern.ch/event/1096847/contributions/4743730/
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o PET is a nuclear medicine method to study metabolic processes in the body

o Radiotracer is injected in a body; Positrons from the radionuclide annihilates with electrons of the nearby tissue
Two back-to-back 511 KeV photons are emitted and detected in coincidence

Lines-of-Response (LoR) are defined by the volume between the sensitive elements detecting the two photons

Fluorine-18 nucleus Overview of current small-animal PET scanners
Detectors 0.5 — - - - ;
g & . Refi; Digital PET/MRI for Preclinical Applications (Doctoral thesis of B. WeiBler, " D
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0 To access ultra-high resolution molecular imaging => Reduce the LoR volumes by exploiting:
O Better timing resolution for coincidence measurement; Improved depth-of-interaction measurement;

O Improved spatial resolution with higher detection volume granularity => HEP based silicon pixel detectors

m  The higher 100UPET granularity will reduce the noise-like combinatorics artifacts during projection of LoRs

u  The expected volume of response will be 80’000 times smaller!

Two spherical sources Same two sources Pixel detect
s I 30em2. i (2X2 array)
150 array Two annihilations from each Same four annihilations <m?, pixel pitch 1
100 pm

crystals
4x4x20 mm3

3x3
APD array

electronics

s19AD| UoO3SPIUODI|IS
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Courtesy of Siemens Healthcare

Sensor channel pitch: 4mm Large LoR volumes produce Higher spatial resolution (thinner LoR) Sensor channel pitch: 0.1 mm
Depth of Interaction: 20mm “ghost” crossings of the LoR’s avoids ghost crossings of LoR’s Depth of Interaction: 0.4 mm
Sensor granularity: 20 x 4 x 4 = 320 mm3 Sensor granularity: 0.004 mm3
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o Demonstrator chip achieved target performance, o  Scanner completely engineered, £

P. Valerio et al., JINST 14 (PO7013) (2018), D. Ferrere et al., arXiv:1812.00788
L. Paolozzi et al., JINST 13 (PO4015) (2018),
L. Paolozzi et al., JINST 14 (P0O2009) (2018)
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“Tower” of 12x5 = 60 detection layers
+ cooling block

16 Towers all around to form the scanner
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o Performance fully simulated

E. Ripiccini et al., arXiv:1811.12381

o Imaging reconstruction produced

D. Hayakawa PhD thesis, link

Point Spread Function (iterative MLEM method) = 0.18 mm?3

Monte-Carlo Truth 3 Iterative Reconstruction
‘5: 1 1.2 mm
E 10F- Silicon pixel area [um?] 500%500
> Point-spread function
5 computation method e
Z position [mm] 0 12.5
°F X position [mm] 0 5 |10 15 0 5 | 10 15
—si FWHM Radial 0.59 1 0.57 | 0.56 | 0.52 | 0.65 | 0.61 | 0.60 | 0.56
E [mm] Tangential | 0.60 | 0.60 | 0.67 | 0.71 | 0.64 | 0.65 | 0.65 | 0.70
10l Axial 0.50 1 0.49 | 0.50 | 0.51 | 0.45 |1 045 | 0.45 | 0.45
,15:”Hl,uw..,wu..\uul,,u 0
=15 -10 -5 0 5 10 15

x [mm]


http://dpnc.unige.ch/THESES/THESE_HAYAKAWA.pdf

O

Performance fully simulated

E. Ripiccini et al., arXiv:1811.12381

O

Imaging reconstruction produced

D. Hayakawa PhD thesis, link

Point Spread Function (iterative MLEM method) = 0.18 mm?
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o Performance fully simulated
E. Ripiccini et al., arXiv:1811.12381

o Imaging reconstruction produced
D. Hayakawa PhD thesis, link
Point Spread Function (iterative MLEM method) = 0.18 mm?
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o Performance fully simulated

E. Ripiccini et al., arXiv:1811.12381

. . 0.03
o Imaging reconstruction produced 00s| o) TT-PET geometry with 100 ym pixel
. s ' Increase in resolution, same detection efficiency
D. Hayakawa PhD thesis, link = e
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Simplified and improved scanner design, avoiding acceptance inefficiency from cooling blocks

Monolithic T00UPET detector ASIC: 2.5 x 3 cm? active pixel matrix; 100 Jm pixel pitch; 250 Um thick active silicon sensor
=

O

o
o Single silicon detection layer composed by 2x2 chips assembled, covering 30 cm?

o 4 “towers” compose the scanner. 60 detection layers on each tower = 960 chips!

®  Large number of services and interconnections, requiring innovative design. Two possible designs under study
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https://agenda.linearcollider.org/event/9211/contributions/49469/attachments/37464/58685/ILCX_MVicente_ACF.pdf
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o  Monte Carlo simulation with Geant4 and Allpix2 - Simplified case with single photon source and single scanner tower

Single photon Source
0-30° angle of emission
3 mm from tower

Detector Wall : 60x Si-Si0,-Kapton Structure



. UNIVERSITE
7 DE GENEVE

100UPET scanner sensitivity and resolution ™ X555
I—I_‘ Swiss National
Science Foundation
m : =2 T A N L e A ] ‘e mvicente@cern.ch

o  Monte Carlo simulation with Geant4 and Allpix2 - Simplified case with single photon source and single scanner tower

o To get Photon conversion/detection efficiency
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o  Monte Carlo simulation with Geant4 and Allpix2 - Simplified case with single photon source and single scanner tower

o To get Photon conversion/detection efficiency /I | i I T
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o And calculate distance from LoR [ notoeegiric Inteructio Compto SEqrenng
) - i+ pixelhit + pixel hit
UHT £ z
¢
L ot A A ]
A T T T T 1 1 Lt . st
1 || ] . .
’ \I || - L ]
’ 1 I‘ [ ] [ ]
] d —‘:l :~~~ : o :
/” "" :: : ~~~~~~~ E '—/ / _IOE_ e
- 1 1 Se . ’/ ' o: O
” -------- - S . 4 +2 D
~~~ [ :‘:l-g
éﬂ “~~~~~‘ io:/ ’/ ;: $ ———
~. /""O:_g g<): —
. +1 O .Q_.:
\ NoHR / .
= 0_-: f . -
\\~ —_ = . _V‘—I’—
N "'"""~.. . l__—wfred\on
~ SR ; o e e
I m - igind = Lo
) ..""ln. - S Or\gﬂl Iopo\oﬁ\oﬂ =
\\\ ..."-..,_. ,..-:&'vf":nc'\denceé - - X
\ Compton rin
\\ “N—Tg—'\rd\‘) @& ompro lSCCIIe Ilg| e
Or + pixel hit
L —
R T T I T I T =~ T T I T TR TR TR TR TR TR /




UNIVERSITE
DE GENEVE

100UPET scanner sensitivity and resolution i

I—I_‘ Swiss National
Science Foundation

0 Monte Carlo simulation with Geant4 and Allpix2 - Simplified case with single photon source and single scanner tower

o To get Photon conversion/detection efficiency /| I N IN IR
o And calculate distance from LoR |Pho'roe e<|:'rr|c interaction Compton scql'r'rerlng
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Photoelectric interaction
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Monte Carlo simulations has shown a disruptive jump in the scanner’s resolution and sensitivity
o Efficiency can be increased with absorber layers
m |t is a compromise between efficiency and resolution

LB P S O, O L S . SO Y BB OO |

2 = Residual —— Water and Bismuth -

< Configuration | within 200 pm .
10° |- % Full Silicon and Water ||
e R S 7878...... Full Silicon =
- Si+H20 61,05 7]
L Si+ H20 +Bi 54,34 With Bismuth added B

the loss in residual is only 7%

102 The gain in 2-photon efficiency is 1% _|

] tIHH!‘
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

LoR — Annihilation point residual [mm]
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Monte Carlo simulations has shown a disruptive jump in the scanner’s resolution and sensitivity
o Efficiency can be increased with absorber layers

o o . D 8d
®  Itis a compromise between efficiency and resolution 2 b ﬁ
0.03 '
CT T T T 1 T T T T T T - N A\ A
F T T \ T I ——— 7] 5 005 a) TT-PET geometry with 100 [m pixel ¥C’ N
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- O N S L (- S Full Silicon - O 0.2] c) 100UPET with additional absorber layers (o)
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o TOOMPET ASIC will spin-off from noGAIN and PicoAD prototypes
o Hexagonal 65 Um wide pixel (equivalent to ~100Um XY pitch) for R&D investigation
o Tested at CERN SPS H8 beam-line in Q2 2021

o >99.5% detection efficiency (on both prototypes)

o Timing resolution of 36 ps* (without gain) and 20 ps** (with gain layer, preliminary)
*G. lacobucci et al 2022 JINST 17 PO2019 (no gain prototype)

**First PicoAD prototype. Sensor and front-end design still to be optimized + ps TDC
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o  PET scanners are an important diagnostic tool that has been improving in an astounding way over the years

and will continue to improve

o Monolithic pixelated silicon sensors have the potential to enable ultra-high-resolution molecular imaging

o The TOOMPET SNSF SINERGIA project will deliver a small-animal scanner based on silicon technology with

expected 0.04 mm3 volumetric spatial resolution, one order of magnitude improvement

O In the whish-list: add TOF S 10ps, when delivered by the MONOLITH project

0 Innovative ASIC design and module construction techniques are being developed
o Silicon-sensor technology will continue to improve and its cost will go down

®  In the future, scanners larger than those for small-animals could be envisaged
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