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Monte Carlo simulations for 
the J-PET scanner
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Outline

● J-PET project

● Monte Carlo applications and extensions:

– Scanner performance studies according to NEMA norms  
– Positronium imaging
– Image reconstruction
– Quantum entanglement/polarization studies
– Discrete symmetries studies
– Application of ML to classification
– Proton therapy monitoring





  

Cost-efectve total body scanner



  

Cost-efectve total body soluton



  

Cost-efectve total body soluton

plastik

Crystal
Energy

High efficiency
Photoeffect

Low acceptance
Analog electronics

Triggering

Change of the paradigm

→ Plastic
→ Time   
→     Low efficiency
→     Compton scattering
→     High acceptance
→     Digital electronics
→     No master trigger
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• Vacuum tube photomultipliers
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scintillator strips (7x19x500 mm3)

• Vacuum tube photomultipliers
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J-PET Software@GitHub
https://github.com/JPETTomography

22 repositories
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Continous integration and testing
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J-PET software workshops & tutorials

● Third J-PET Framework Workshop, UJ, Kraków, 10.10.2019

● Gate Output J-PET Analyzer( GOJA) Worshop, 23.24 05. 2019

● STIR FBP 3D Workshop, NCBJ, Warszawa, 22.03.2018

● GATE and Reconstruction Workshop, NCBJ, Warszawa, 22.03.2018

● Second J-PET Framework Workshop, UJ, Kraków, 20-21.03.2017

● J-PET Software Workshop, UJ, Kraków, 07-08. 07.2016

● First J-PET Framework Workshop, NCBJ, Warszawa, 09.04.2015
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Detector performance studies with 
GATE







Geometry: 2 m AFOV, 24 or 48 modules,

     diameter of about 80 cm

NEMA norms: spatial resolution, sensitivity,

    scatter fraction, NECR, image quality

XCAT phantom simulations

Performance studies of 2 m J-PET scannerPerformance studies of 2 m J-PET scanner



  

Infuence of the scanner size on the image quality

● J-PET (GATE) simulaton
● 1 layer – 384 scintllantnn strips
● Strips artfcially divided into 2000  “crystals” 

alonn axial coordinate
● Diameter: 85cm, Length: 200 cm
● Point source (nama backtoback 511keV , 

100kBq Actvity),
NEMA IEC Phantom

● FBP 3DRP (STIR) reconstructon 
without ToF

● Verifcaton of䣌 the scanner sizee 
infuence on the imane quality:
BV – Backnround Variablity
CRC – Contrast Recovery Coefcient 

● Resoluton FWHM:
● X/Y: ~5 mm,
● Z ~6÷23 mm

● Optmal imane quality f䣌or FoV 
~100cm

[K.Klimaszewski, P.Kopka, DOI:0.5506/APhysPolB.51.357]

Reconstruction of the NEMA IEC Body Phantom from J-PET Total-body 
Scanner Simulation Using STIR
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Positronium tomography



Implementation of ortho-positronium decays

Positronium tomography

1) P. Moskal et al., Phys. Med. Biol. 64 (2019) 055017
2)P. Moskal et al. Eur. Phys. J. C 78 (2018) 970
3)D. Kaminska et al., Eur. Phys. J. C (2016) 76:445 

Quantum entanglement tomography

Fundamental physics studies (symmetries) 

+
-

Para-positronium:
● lifetime ~125 ps
● two-photon decay

Ortho-positronium:
● lifetime ~142 ns
● three-photon decay



Implementation of ortho-positronium decays
 Daria Kisielewska

Positronium tomography

1) P. Moskal et al., Phys. Med. Biol. 64 (2019) 055017
2)P. Moskal et al. Eur. Phys. J. C 78 (2018) 970
3)D. Kaminska et al., Eur. Phys. J. C (2016) 76:445 

Quantum entanglement tomography

Fundamental physics studies (symmetries) 

Implementation of QED-complient description of
 orto-positronium decay

 Daria Kisielewska



Merged to GATE develop branch

Mateusz Bała

Source extensions in GATE

● Ortho-positronium
● Para-positronium
● Non-pure emitters 

(e.g. scandium sources)
● Polarization degrees of 

freedom
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Image reconstruction
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Validation of various (TOF-) MLEM 
implementations

● CASTOR
● QETIR
● STIR (TOF version available as pending PR )

Requirements:
● Multi-layer geometry
● Large AFOV
● Very good TOF information

Tests on:
● GATE-based simulations
● Experimental data (NEMA-like measurements)

J. Baran
M. Dagdar
K. Klimaszewski
P. Kopka
M. Pawlik-Niedzwiecka
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Real-Time image reconstruction on 
FPGA



The idea – proceed each line-of-response (LOR) independently in image space 
using 3D kernel: Ram-Lak filter normal to LOR in XY, Gaussian or high-pass 
– for TOF kernel along LOR and small one along Z (uncertainty for axial 
position of hit). 

Update intensity within a small volume of ellipsoid + parallel computing – 
a prospect for real-time (online) reconstruction.

The model resembles kernel density estimation 
(KDE), but for the asymmetrical case.

TOF FBP in image spaceTOF FBP in image space

Roman Y. Shopa



  

PET image reconstructon using TV regularizaton

● The spatial resolution of the J-PET 
scanner was determined by estimation of 
full width half maximum of PSF images at 
six position inside the scanner volume.
● The comparison results shown superior 
spatial resolution of reconstructed images 
from the proposed TOF-BPTV method 
(bottom) in respect to the TOF-FBP 
algorithm (top).

 

 

Reconstruction of experimental data of the   
 Jagiellonian-PET (J-PET) scanner from 
measurement of six point-like sources. 

[L. Raczyński APPB 2020] 
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Machine Learning techniques for 
event classifications
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Discrimination of the scattering and random coincidences background

XGBoost & AdaBoost

Jan Bielecki, W.K, 

Konrad  Klimaszewski

GATE 
simulations

IEC-NEMA phantom 18 *107 coincidences:

29% TRUE, 19% PH-SCAT, 2% DET_SCAT – 50%, RNDM

Decison Tree



  

Event classifcaton in J-PET detector using Self-Organized Maps

● Analysis and visualization of multi-
dimensional data describing events 
type in J-PET detector using Self 
Organizing Map (SOM).

  

 
Example of visualisation of  

 3D synthetic data using 2D SOM map

● Identification of class labels using 
training data from GATE simulation (on 
the top) helps to visualize classes 
distributions.  

  

 

Trained SOM map on J-PET data

Lech Raczyński



Convolutional neural network 
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• Creatng self-organizing map (Kohonen map)

• Convertng each event to „image” (matrix) by calcnlatng distances between 

event and each node of the Kohonen map

• Thresholding – for N closest nods distance eqnal to 1, for rest 0

event „image” of 
the event 

image afer 
thresholding

CNN

Paweł Konieczka



 J-PET technology for proton beam 
therapy range monitoring

24 modules

1 layer
CASTOR reconstruction

GATE MC simulations

150 MeV/u

PET activity

Proton dose

Jan Gajewski

Jakub BaranMonika Pawlik-Niedźwiedzka
Students:

Antoni Rucinski
Project leader

1 
layer

24 
modules

Proton beam

Ω=0.4
εdet=0.1
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Proton therapy application

Antoni Ruciński’s group



Simulated β+ activity map – 1st step
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SCENARIO: 10 minutes of irradiation, 10 minutes preparation for the 
PET examination, 20 minutes of PET measurement

Total number of annihilations: 1.97E7

Maximum number of annihilations within the voxel: 130

Voxel size (as in CT): 0.69x0.69x1.2 mm3 

THIS SETUP WAS SIMULATED IN THE 2nd STEP

From Jaknb Baran 
presentaton



Reconstructed PET image – 2nd step

BARREL

TOP: Monte Carlo activity 
(resolution was rescaled to the 

PET resolution)

CENTER: Reconstructed off-
beam activity (TOF-MLEM – 2 

iterations)

BOTTOM: Reconstructed off-
beam activity (TOF-MLEM – 3 

iterations)

From Jaknb Baran 
presentaton



 43

(Near) future GATE contributions



Mateusz Bała

Extension of  Actor concept

● Optional adder included
● Two kind of output formats:

➢ standard Ttree
➢ grouped in events



Gate Output J-PET Analyzer (GOJA) Paweł Kowalski

https://github.com/JPETTomography/j-pet-gate-tools

Several extra tools such e.g job splitter and coincidence maker : 

Python

https://github.com/JPETTomography/j-pet-gate-tools


 46http://koza.if.uj.edu.pl/pet/
More materials available at: 

Thank you for attention

http://koza.if.uj.edu.pl/pet/


precision of 20ps (sigma) for 10 Euro per sample
FFE sampling  &  Readout electronics

ONLY DIGITAL in triggerless mode

M.Pałka, P.M., PCT/EP2014/068367
 G. Korcyl, P. M., M. Kajetanowicz, M. Pałka, PCT/EP2014/068352

Library of signals ;  Principal Component Analysis;
Compressive Sensing;
J-PET: L. Raczyński et al., Nucl. Instr. Meth.  A786 (2015) 105
J-PET: P. M. et al., Nucl. Instrum. Meth.  A775 (2015) 54

Library of signals;  Principal Component Analysis;   Compressive Sensing;
J-PET: L. Raczyński et al., Nucl. Instr. Meth.  A786 (2015) 105
J-PET: P. M. et al., Nucl. Instrum. Meth.  A775 (2015) 54

J-PET: M.Palka et al., JINST 12 (2017) P08001       J-PET: W. Krzemień et al., Acta Phys. Pol. B47 (2016) 561 J-PET: G. 
Korcyl et al., IEEE TMI 2018 in press     J-PET: P. Bialas et al., Bio-Alg. and Med-Sys. 10 (2014) 12

G. Korcyl -> poster session



Type:           LSO / LYSO / BGO / polymer scintillator  
Price per cm3:   86  /  86   /  35  /   1

Plastic scintillators  can be easily produced 
in large sizes and various shapes   

Why plastics were not considered 
so far as a material for PET detectors ?
 Low detection efficiency 

and no photeffect !

                                 Sensitivity ? 
                             Scatter fraction ?
                       Accidental coincidences?   
                                         ...



name type
density
[g/cm3]

decay time
[ns]

photons/ 
MeV

mean 
free path 

[cm]

BGO crystal 7.13 300 6000 1.04

GSO crystal 6.71 50 10000 1.49

LSO crystal 7.40 40 29000 1.15

NE102A polymer 1.032 2.4 10000 10.2

BC404 polymer 1.032 1.8 10000 10.2

RP422 polymer 1.032 1.6 10000 10.2

for the 2.5 cm layer the efficiency for the registration of events selected 
to reconstruct the image is for the plastic scintillator by 

a factor of about 20 smaller in relation to the BGO crystals 
and about 40 times less compared to the LSO crystals 



It is important to note that the cost of  J-PET does not increase with the increase of the FOV

          epsilon^2 =  20 to 40 smaller efficiency

                     But
Solid angle  -------------------- >  factor  of ~5
600 ps   --> 200ps – 300ps -->  factor  of  3 -- 2
1m instead of ~17 cm --------->  factor  of  10   
N layers in the strip-PET  ---->   factor  N2 

Conservatively:  
for N=1   ---->  total factor of ~ 100  
Lower dose by factor of 3 (100 better / 30 worse)

TOTAL-BODY
850 strips, 6800 SiPM 



Figure of Merit for whole body imaging (FOM):

J-PET: P.M. et al., Phys. Med. Biol. 61 (2016) 2025;      arXiv:1602.02058

FOM_whole_body ~= _detectionϵ 2 ∙ _selectionϵ 2 ∙ AFOV2 / CRT

N_JPET_layers = 1

N_JPET_layers = 2

R = 
FOM_JPET

FOM_LSO

LSO

R = FOM_JPET / FOM_LSO
assuming:
AFOV_LSO = 20 cm
CRT_LSO   = 400 ps 

FOM   
(detecton ef.)2  (selecton ef.)∙ 2  acceptance∙

CRT   Nnmber_of_bed_positons ∙



Limit of the J-PET 

J-PET: P.M. et al., Phys. Med. Biol. 61 (2016) 2025



Limit of the J-PET 

J-PET: P.M. et al., Phys. Med. Biol. 61 (2016) 2025



Type:           LSO / LYSO / BGO / polymer scintillator  
Price per cm3:   86  /  86   /  35  /   1

Plastic scintillators  can be easily produced 
in large sizes and various shapes   

Why plastics were not considered 
so far as a material for PET detectors ?
 Low detection efficiency 

and no photeffect !

                                 Sensitivity ? 
                             Scatter fraction ?
                       Accidental coincidences?   
                                         ...



A B

D C

X

Y

                   crystals                    →                               plastics

Saha G, Basics of PET imaging. Springer New York 2010
J-PET



Energy [keV]

Saha G, Basics of PET imaging. Springer New York 2010

         Energy [keV]

J-PET

                 scattering in the patient



       secondary scattering in the detector
      J-PET: P. Kowalski et al., Phys. Med. Biol. submitted

J-PET: P. Kowalski  et al., Acta Phys. Pol. A127 (2015) 1505 and Acta Phys. Pol. B47 (2016) 549   



Mateusz Bała

Source extensions



Extension to new sources and decays
Mateusz Bała

● Ortho-positronium

● Para-positronium

● Non-pure emitters 
(e.g. scandium sources)

● Polarization degrees of freedom
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Technology landscape

C++

● Data analysis framework, 
● MC simulations,
● Image reconstruction algo,
● MC/data  postprocessing

GATE

Framework
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Technology landscape

PythonC++

● Data analysis framework, 
● MC simulations,
● Image reconstruction algo,
● MC/data  postprocessing

GATE

Framework
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Technology landscape

PythonC++

● Image reconstruction prototyping,
● validation studies,
● simple MC simulations 

● Data analysis framework, 
● MC simulations,
● Image reconstruction algo,
● MC/data  postprocessing

GATE

Framework
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Technology landscape

PythonC++

+ many more

● Image reconstruction prototyping,
● validation studies,
● simple MC simulations 

● Data analysis framework, 
● MC simulations,
● Image reconstruction algo,
● MC/data  postprocessing

GATE

Framework
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J-PET Analysis Framework

Open-source platform for 
J-PET data analysis
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Technicalities

● Open source project 

● So far 7 releases (v8 very soon :-))

● Mainly developed in C++11

● ROOT-based data structure (ROOTv6)

● All  configuration parameters stored in JSON files.

● Heavy usage of BOOST library, 

● Quality ensured by automatic set of tests (Jenkins & Travis)
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Analysis and MC simulations in action

D. Kaminska et al., Eur. Phys. J. C (2016) 76:445 D. Kaminska et al., Eur. Phys. J. C (2016) 76:445 

From Juhi Raj’s talk From Juhi Raj’s talk
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Recommended way to report a bug
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J-PET Analysis Framework

All the data analyses, calibration procedures performed 
in J-PET use J-PET Framework
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