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Imaging instrumenta-on at IN2P3

2

Environmental
applica.ons

E𝛾 > 1 MeV
Compton

Nuclear imaging

X-ray imaging

EX < 200 keV
Photoelectric

PET
Positron Emission 

Tomography

E𝛾 = 511 keV
Photoelectric

𝛾 camera and 
SPECT

Single Photon Emission 
Computed Tomography

E𝛾 = 0.1 ÷ 1 MeV
Photoelectric

1er prototype
Champ de vue 5 x 5 cm2

Scintillateur CeBr3 monolithique 5 x 5 x 0.6 cm3 
Module de photodétection 256 voies MPPC 3 x 3 mm2

Électronique 256 voies dédiée (LAL)
Collimateur à trous parallèles tungstène par impression 3D

Validation sur fantômes 

High resolution 
mobile gamma 

camera
@ 0.3 cm 

Gamma Camera
Siemens Symbia T2
with HE collimator  

@ 10 cm 
(SR of 13.4 mm)

Thèse Carlotta Trigila 2019

Résolution spatiale intrinsèque submillimétrique
Résolution énergie 7.86 % @122 keV
Taux d’acquisition max 13.6.103 evt/s

Prompt Gamma 
Imaging

E𝛾 = 1 ÷ 10 MeV
Compton + Pair P.

X-ray Imaging
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Positron Emission Tomography
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Many strategies to increase sensi.vity 
Journées Thématiques du Réseau Semi-conducteurs IN2P3-IRFU, 25-26 juin 2019, Marseille 3/35 

Reconstruction tomographique et statistique de comptage 
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Source: C. Comtat CEA-SHFJ

More events, be,er images… higher dose !

Explorer project, S. Cherry

Whole body PET
• Currently < 1% of available 

signal collected
• Lower dose
• Study of systemic disease

Journées Thématiques du Réseau Semi-conducteurs IN2P3-IRFU, 25-26 juin 2019, Marseille 4/35 

Mesure du temps-de-vol (TOF) des photons d’annihilation 

10 ps – PET
• <1.5 spatial resolution on the LOR
• No need for tomographic back-projection
• 14-fold improvement in SNR 
• or 20-fold dose reduction

 
Figure 1: Principle of the 3γ imaging with a Compton telescope coupled to a PET device. 

2. XEMIS (Xenon Medical Imaging System) 

2.1 Experimental Setup 

A liquid-xenon time-projection chamber (LXe TPC) has been built in order to validate the 3 
γ imaging concept. The experimental setup is shown in figure 2 (left). It consists of a TPC 
inserted within a cryostat maintained at around -110ºC under a pressure of 1.3 bar, a purification 
circuit equipped with a getter (MonoTorr® Phase II PURIFIER PS4-MT3/15-R/N-1/2) and an 
electronic bench. The xenon is required to be as pure as possible to prevent charge carriers 
capture by electronegative impurities (H20, 02) released by construction materials into the liquid. 

The TPC (length: 12 cm, diameter: 3.6 cm) was composed of a PMT (Hamamatsu R5900-
06AL12S-ASSY), for chamber triggering, and of a MICROMEGAS [4] device for charge 
carriers readout - both fully immersed in liquid xenon. The UV-light emitted by γ photons 
interacting within the TPC volume was guided toward the PMT by a PTFE wall; the 
simultaneously induced charge carriers were drifted in the liquid toward the MICROMEGAS 
through an electric field of 2kV/cm. The micromesh of the MICROMEGAS was used as a 
Frisch grid; it was placed 50 μm above a square anode of 6.5 cm2. The micromesh 
characteristics were: hole spacing (“s”): 60 μm, hole diameter (“d”): 30 μm, copper thickness 
(“t”): 5 μm and pillars height (“p”): 50μm (figure 2 (right)). A collimated 22Na (Emax β+ = 545 
keV, Eγ: 1.257 MeV) source was placed in front of the TPC. We observed 511 keV  γ-rays, 
triggering the chamber in coincidence with a CsI crystal coupled to a PMT at the opposed side. 
Measurements of electron life-length were done by recording the energy spectrum 
corresponding to the 511 keV γ-rays interacting at different depths of the TPC’s sensitive 
volume. An example of 511keV recorded event is shown in figure 3. The electron life-length 
was deduced from the fit of the exponential decay of the pulse-height with depth, as function of 
purification time. The grid transparency to charges was measured at variable drift fields, with a 
fixed induction field, recording shifts of the photoelectric peak. 

 

 
 

– 2 –

3 𝛾 PET
• 44-Sc: 𝛽+ emiXer + 1.157 MeV 𝛾 
• LOR / Compton cone intersec[on
• Shorter scans or lower dose

Hybrid imaging (PET/CT – PET MRI)
Combining func3onal and morphological informa3on
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PET 10 ps: Clear Mind prototype 

• Detection of scintillation and Cherenkov 
photons emitted in PWO

• Direct deposition of a photocathode (n ~2,7) 
on the crystal surface (n ~2,3)

• Encapsulation within a Micro-Channel Plate 
Multiplier Tube (MCP-MT)

• Coincidence Time resolution (CTR) ~20 ps 
FWHM (excluding MCP-MT)

– Al2O3 (measured)
+ Al2O3 16 nm thick (simulated)
– TiO2 (measured)
+ TiO2 21 nm thick (simulated)

D. Yvon et al. JINST 15 (2020) P07029

L. Cappellugola et al. Technical Forum Geant4, 2022

Modelisation of light transmission through surfaces with thin film optical 
coating in Geant4

Update of the optical light transport of Geant4 version 11.1 to 
model optical coating

L. Cappellugola et al. in Conf. Rec. IEEE NSS/MIC’2021
C.-H. Sung, L. Cappellugola et al. accept. in NIMA 2023

Development of scintronic MCP-PMT detection modules for fast timing

Courtesy of C. Morel
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3 𝛾 PET: XEMIS2 (Xenon Medical Imaging Systems)
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Xenon Medical Imaging System : XEMIS2 prototype

First LXe Compton
Telescope designed 

for small animal 
Medical Imaging

XEMIS2 
construction scheduled :

closing this year

Installed at “Nantes 
Centre” CHU in the 

CIMA Building

AG2023 : GDR "Détecteurs et Instrumentations pour les 2 Infinis"

XEMIS prototypes are made of single phase LXe TPC

Cathode: 24.3 kV

PMTs: 64 x 1’’, less than 800 V

Micromesh: 0.3 kV

Pixels at 0V: 2 x 104

Charge and light generated by LXe g interactions

Very Large acceptance for small animal : 24 cm axial FOV

Thickness : 12 cm LXe in radius

Very precise : 0.1 mm 3D resolution on Compton interactions

20000 analogical electronics channels for charge read-out

Working conditions : LXe@-100 °C, P@1,2 bars, LXe density : 3

AG2023 : GDR "Détecteurs et Instrumentations pour les 2 Infinis"

First LXe Compton Telescope designed 
for small animal Medical Imaging 

Installed at “Nantes Centre” CHU in the 
CIMA Building 

XEMIS2 construcDon scheduled : 
closing this year 

XEMIS2 Engeneering

First version 
operational for 
Christmas 2023

Around 10 FTE/year 
since 5 years in 

Subatech Tech teams 
and Xénon group

Crazy and Funny 
Skying Blue Horizons…

Strong, Hard and 
never done until now !

New Detectors for
new Physics and new 

Applications
New In2p3 colleagues very welcome

Contacts :
jean-luc.beney@subatech.in2p3.fr

dominique.thers@subatech.in2p3.fr

Fast upgrade on 
XEMIS2

Whole Body Human 
XEMIS3 version

First assembled Endcap

The second is expected 
for November.

AG2023 : GDR "Détecteurs et Instrumentations pour les 2 Infinis"

Around 10 FTE/year 
since 5 years in 

Subatech Tech teams 
and Xénon group 

Courtesy of D.Thers
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Whole Body PET with  LiquidO
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Adrien Hourlier — IPHC, UMR 7178 CNRS Université de Strasbourg

LiquidO Detection Principle

6

A. Cabrera et al. Communications Physics 4, 273 (2021)

Simulations

Adrien Hourlier — IPHC, UMR 7178 CNRS Université de Strasbourg

LiquidO Detection Principle
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A. Cabrera et al. Communications Physics 4, 273 (2021)

Simulations

Adrien Hourlier — IPHC, UMR 7178 CNRS Université de Strasbourg

LiquidO Detection Principle
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A. Cabrera et al. Communications Physics 4, 273 (2021)

Simulations

Adrien Hourlier — IPHC, UMR 7178 CNRS Université de Strasbourg

L-PET working principle
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Inner tracker
- LiquidO
- axial optical fibers  possible whole body PET⇒
- Si-PM + fast digitizer readout (10 GS/s)

Outer calorimeter 
- ‘vintage’ liquid scintillator + PMT
- ensure full γ calorimetry at the MeV scale

Adrien Hourlier — IPHC, UMR 7178 CNRS Université de Strasbourg

LiquidO Technology

4

- Objective : move away from the segmented LYSO:Ce crystals

- Identify each γ interaction point
- Fine segmentation of light detector
- Slow down light propagation so that 2 interactions stay resolved 

longer

- LiquidO :
- New : first proposed in 2019 (A. Cabrera, CERN seminar)
- Opaque organic scintillator
- Stochastic light trapping through Mie scattering
- Self-segmentation without losses due to mechanical segmentation

x (mm)

y (
mm)

z (
m

m
)

Adrien Hourlier — IPHC, UMR 7178 CNRS Université de Strasbourg 19

LPET-OTech Consortium

M.Bongrandd, C. Bourgeoisa↵, D. Brasse⇤b, D. Bretona↵, M.Brierea↵, A. Cabrera†a↵, V. Chaumata↵,
A.Dahmaneb, R.Gazzinia↵, D.Giovagnolib, F.Haddadd, A.Hourlierb, G.Hulla↵, P. Laniècea� , F. Lefevred,

P. Loaizaa↵, J.Maalmia↵, Y.Mellakc, T.Merlinc, R.Mastrippolitoa� , C.Marquet‡a↵, L.Ménarda� ,
D.Navas-Nicolása↵, P. Pillotd, L. Simarda↵, D. Stoccod, M.-A.Verdiera� , D.Visvikisc, and F.Yermiad

a↵Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
a�Université de Paris Cité, CNRS/IN2P3, IJCLab, 91405 Orsay, France

bUniversité de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France
cLaTIM, INSERM U1101, Université de Brest, 29609 Brest, France

dSubatech, CNRS/IN2P3, Nantes Université, IMT-Atlantique, 44307 Nantes, France

May 6, 2022

LPET-OTech composition: 28 scientists, 4 institutions (CNRS/IN2P3 and INSERM) in France.

⇤Email: david.brasse@iphc.cnrs.fr
†Email: anatael@in2p3.fr.
‡Now at: Université de Bordeaux, CNRS, LP2I Bordeaux, UMR 5797, F-33170 Gradignan, France.

1

• Opaque scin:llator
• Stochas:c light confinement
• Iden:fy each 𝛾 interac:on point

Goal

Courtesy of A. Cabrera 



7

Hybrid PET systems
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Instrumentation en imagerie TEP préclinique

Projet région/BPI
Collab. Inviscan, Streb&Weil
Labelisé pôle Biovalley

Projet CPER I2MT
Collab. Laboratoire Icube

Imagerie TEP/CT Imagerie TEP/IRMBase commune de développement
Matrice SiPM de type S13361-3050

ASIC Imotep2
Système de mesure mul3voies (charge & temps)

Mul3plexage par réseau de résistances
Virtex 5 / Gbit Ethernet

Module de détection (25x50mm2):
23x96 LYSO:Ce, 0.98x0.98x8mm3

32 voies électroniques

Système:
2 anneaux de 8 modules chacun

Module de détec.on (25x50mm2):
Double couche

33x68 LYSO:Ce, 0.66x.66x4mm3

32 voies électroniques

Système:
1 anneau de 10 modules

10,6%

Contraintes:
compacité & champ magné3que

D Brasse (david.brasse@iphc.cnrs.fr)
V Bekaert, F Boisson, N Chevillon, C Fuchs,

X Fang, J Sahr,
R Sefri

Courtesy of F Boisson, D Brasse 

mailto:david.brasse@iphc.cnrs.fr


8

Small animal systems: SPECT
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Instrumentation en imagerie TEMP préclinique

Base commune de développement
PMT H9500 256 voies

ASIC Imotep1
Système de mesure mul3voies (charge & temps)

Virtex 5 / Gbit Ethernet

F Boisson (frederic.boisson@iphc.cnrs.fr)
V Bekaert, D Brasse, N Chevillon,

C Fuchs, X Fang, J Sahr, R Sefri

De trous à lames parallèles

Améliora3on de l’efficacité
de 0,02 to 1%

1D -> 2D : nécessité
de reconstruc3on dédiée

Efficacité : 0,6 % (@25mm)
RE: 10,3 % (@140 keV)

FOV: 50x50 mm2

Vers l’informa3on 3D

Etude des performances intrinsèques : 2 cristaux CeBr3 (avec réflecteur ou revêtement noir)
U3lisa3on de réseau de CNN pour la correc3on de linéarité

Mise en place d’algorithmes et de protocoles dédiés aux acquisi3ons et reconstruc3ons 3D

Spin-rota*on

Courtesy of F Boisson, D Brasse 

mailto:david.brasse@iphc.cnrs.fr
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Gamma camera THIDOS for dose monitoring in Internal Radiotherapy
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OBJECTIFS
• THIDOS : proposer de nouvelles approches instrumentales (caméra ambulatoire) et méthodologiques (analyse des incer3tudes liées au calcul de la 

dose, système expert) visant à renforcer le contrôle de la dose délivrée lors du traitement à l’iode radioac3f des maladies thyroïdiennes

MATERIELS & METHODES

Projet GAMINS (CSNSM, IPNO)

Op#misa#on de l’ensemble scin#llateur/photodétecteur

Matrice de SiPMs et électronique 
miniaturisée (PETSys Electronics)

- ScinCllateur monolithique CeBr3
- Méthodes de reconstrucCon avancées

Optimisation du collimateur haute-énergie et du blindage

Etude des paramètres d’impression 3D 
tungstène par fusion laser sélecCve 

(collaboraCon UTBM, ICB, Belfort)

High resolu,on head

High sensi,vity head

SimulaCon Monte-Carlo (GATE)

§ Développement du prototype clinique de la caméra ambulatoire 
(10x10 cm2)

§ Concep3on et valida3on d’un réseau Bayésien pour l’es3ma3on 
de l’incer3tude sur la dose absorbée (IRSN)

RésoluCon énergéCque < 8%   @356 keV

RESULTATS

Reconstruction par réseau de neurones convolutif profond

RésoluCon spaCale ∼ 1 mm et distorsion sub-millimétrique

Support financier
Plan Cancer (AAP Physicancer, INSERM, 296 k€, 2019-2022) 

et AP-IN2P3

Courtesy of L. Ménard



Depth of Interac.on
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Compton camera for nuclear waste management

A. Iltis and H. Snoussi. J. Imaging 1 (2015) 45-59
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Detectors: monolithic LaBr3 detectors readout 
by digital SiPM matrices (Philips)

Courtesy of C. Morel

Detec3on of a Germanium source
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PG Imaging for Proton therapy monitoring
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Many source of errors (pa:ent’s posi:oning, anatomical changes…) impose the 
use of safety margins 
 => Reduced treatment efficacy



12

Prompt Gamma Energy Integral (PGEI) 
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• Detec:on of many simultaneous photons by large scin:llators
• Integral of detected energy: PGEI method
• Fast scin:llators : PbWO4 , to keep linear response at high energy deposit

GATE simula.on

Protons 160 MeV

Experiment
(68 MeV pulsed alpha beam, 2 µA) 

• Spot of 1.5x107 protons
• 5 cm radius LaBr3 detectors

Courtesy of E. Testa
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Time-of-flight Imaging ARrAy (TIARA)
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𝑻𝑶𝑭 = 𝑻𝒑𝒓𝒐𝒕𝒐𝒏 𝒓𝒗 	+ 𝟏
𝒄
	‖𝒓𝒅 − ‖𝒓𝒗     

𝛄 detectors

Tproton PG

Beam 
monitor

PG vertex

TIARA 𝛄  module (Cherenkov)
(1.5 cm)3 PbF2 coupled to SiPMs

Beam monitor 
~ 4cm2 plas3c scin3llator 

readout by SiPMs

Prototype v.4: Time resolu,on ~ 100 ps RMS

Prototype v.0 (test with 148 MeV)
Time resolu,on = 52 ps RMS
Spa,al resolu,on = 2.5 mm RMS  

GOAL
• 30 𝛄 detectors to achieve a uniform target coverage
• Detec3on efficiency ~0.5%
• Targeted coincidence 3me resolu3on ~100 ps RMS
• Dedicated reconstruc3on for PG vertex

PMMA
(beam dump) 

1 mm Cu 
target

AirAir

65 MeV 
protons

Raw data!
CTR = 112 ps RMS 
at 148 MeV, SPR

PG TOF profile from large PMMA target

Experiment on 
clinical accelerator

Uniform sensi3vity 
all over the range

S. MarcaGli
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X-ray PC-CT prototype PIXSCAN
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Detector (imXPAD)
Ø 500,000 XPAD3/Si

hybrid pixels 130 
x 130 µm2

Ø 500 µm thick
X-ray tube (Hamamatsu)
Ø 40 to 150 kV
Ø filter wheel

Animal support 
Ø 3-axis motion + 

rotation
Ø Minerva gas 

anesthesia system

F. Cassol et al. BPEX 2 (2016) 025003
ü A. Dawiec (2011) PhD
ü H. Ouamara (2013) PhD
ü M. Dupont (2014) PhD
ü C. Kronland-Martinet (2015) PhD
ü M. Hamonet (2016) PhD
ü F. Cassol (2018) HDR

F. Cassol et al. iScience 21 (2019) 68-83
ü L. Portal (2018) PhD 

Courtesy of C. Morel
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K-edge X ray imaging

AG GDR DI2I, Nantes, 10-12 July 2023 15

Detector (Cegitek <- imXPAD)
Ø 9600 XPAD3/GaAs hybrid pixels
Ø 130 x 130 µm2

Ø 1000 µm thick

Detector (imXPAD)
Ø 70,000 XPAD3/CdTe hybrid pixels 
Ø 130 x 130 µm2, 700 µm thick
Ø ProMeSCT dedicated reconstruction

FDK K-edge imaging

ProMeSCT Barium ProMeSCT H20
S. Tairi et al. IEEE TRPMS 5 (2021) 548-558

K-edge imaging:
Dual energy 
acquisition below and 
above the k-edge

E1 E2

Courtesy of C. Morel
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Ques-ons ?

AG GDR DI2I, Nantes, 10-12 July 2023 16


