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Outline

1. Muography with Micromegas detectors
2. Tomography analysis pipeline
3. Machine learning methodology

Context

Method with 
examples and results
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Outline

1. Muography with Micromegas detectors
2. Tomography analysis pipeline
3. Machine learning methodology

Goals
  Give technical details about neural networks
  Explain some limitations in muography (at CEA Irfu)
  Discuss how we added machine learning in an existing pipeline

Context

Method with 
examples and results
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Muography with 
Micromegas 
detectors1
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Muography general idea

Applications :
• Archeology (pyramids)
• Homeland security (containers)
• Geosciences (volcanology)
• Nuclear (reactor monitoring, waste package study, ...)

Lower muon tracker,
for all techniques,

including transmission 

Upper muon tracker,
  for scattering and/or absorption

Natural muon flux

Object 
studied

Tracker(s) composed of detectors:
   scintillators,
   or emulsion films,
   or gaseous detectors,
   or a TPC, ...

Muography techniques
rely on trackers (or vetos):
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Muography project at CEA / Irfu

Muon telescopes 
under the G3 
nuclear reactor:
← Picture

Diagram →

Images from
 doi.org/10.1051/epjconf/202328807001 
 and francetnp.gouv.fr

Micromegas D

Micromegas C

Micromegas B

Micromegas A

Hits on detectors
Track reconstructed

Talk focus :
Transmission muography technique, with multiplexed Micromegas detectors, for nuclear applications

Picture of the 
reactor → 

Friday 10:40 → talks about 
Micromegas detectors !

A
A
A
a

A
B

C
D

https://doi.org/10.1051/epjconf/202328807001
http://francetnp.gouv.fr/Marcoule-le-reacteur-plutonigene
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Tomography 
analysis pipeline2
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Data analysis pipeline: acquisition

Acquisition

Object studied

Regions of interest
Suspicions of anomalies

Goals and
documentation

Multiplexed signal

Demultiplexing

Muon hits
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Data analysis pipeline: acquisition

Acquisition

Object studied

Regions of interest
Suspicions of anomalies

Goals and
documentation

Multiplexed signal

Demultiplexing

Muon hits

Simulation of multiplexed signal on 1 coordinate
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Data analysis pipeline: demultiplexing 1/2

Acquisition

Object studied

Regions of interest
Suspicions of anomalies

Goals and
documentation

Multiplexed signal

Demultiplexing

Muon hits

Simulation of multiplexed signal on 1 coordinate Demultiplexing of 1 coordinate
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Data analysis pipeline: demultiplexing 2/2

Acquisition

Object studied

Regions of interest
Suspicions of anomalies

Goals and
documentation

Multiplexed signal

Demultiplexing

Muon hits

Simulation of multiplexed signal on 1 coordinate

Position on a
Micromegas

with 2 coordinates

Demultiplexing of 1 coordinate
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Data analysis pipeline: tracking

Muon number

Raw muography

Muographies

Tracking

Acquisition

Object studied

Regions of interest
Suspicions of anomalies

Goals and
documentation

Multiplexed signal

Demultiplexing

Muon hits

Hits on detectors
Track reconstructed

Tracking step :
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Data analysis pipeline: opacity

Muon number

Raw muography

o=∫ρ⋅dl

Opacity estimation

Muographies

Opacity 
estimation

Tracking

Acquisition

Object studied

Regions of interest
Suspicions of anomalies

Goals and
documentation

Multiplexed signal

Demultiplexing

Muon hits

Opacities
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Data analysis pipeline: 3D

Opacity estimation

Muographies

Opacity 
estimation Opacities

Tracking

Acquisition

Object studied

Regions of interest
Suspicions of anomalies

Goals and
documentation

Multiplexed signal

Demultiplexing

Muon hits

3D 
Reconstruction

“Blind” tomography
(3D image)

ρ

o=∫ρ⋅dl
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Data analysis pipeline: 3D

Opacity estimation

Muographies

Opacity 
estimation Opacities

Tracking

3D 
Reconstruction

“Blind” tomography
(3D image)

Analysis Observed anomalies
Defaults in the imagesρ

o=∫ρ⋅dl

Acquisition

Object studied

Regions of interest
Suspicions of anomalies

Goals and
documentation

Multiplexed signal

Demultiplexing

Muon hits
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Machine Learning 
methodology3
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Data analysis pipeline: machine learning

Improvements with Machine Learning.
Two approaches:

 Replace tools 
    with a machine-learning-based alternative

 Regularize existing tools
    with machine learning

Acquisition

Object studied

Regions of interest
Suspicions of anomalies

Goals and
documentation

Multiplexed signal

Demultiplexing

Muon hits

Muographies

Opacity 
estimation Opacities

Tracking

3D 
Reconstruction

“Blind” tomography
(3D image)

Analysis Observed anomalies
Defaults in the images
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■ Replace tools with a machine-learning-based alternative ?

■ Regularize existing tools with machine learning ?

Options considered

Depends on the tool 

■ Demultiplexing
■ Long code based on empirical parameters 
■ Known purity and efficiency issues 

   → replace by a neural network

■ Opacity computation
■ Physical parameterisation based on G4 simulations
■ Noise coming from the limited statistics

   → keep and develop a denoiser

■ 3D reconstruction
■ SART algorithm, with known limitations (artifacts, ambiguities, ...) 

   → keep and postprocess/regularize 

In short, motivations :
■ Complex code with lot of 

empirical parameters
■ Issues hard to correct but 

easy to simulate
■ Noise
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Demultiplexing 3a
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Context: article under review in
Engineering app. of artificial intelligence 
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Multiplexed readout

Stripped detector :
      1037 strips → 61 channels
      Multiplexing factor 17

Pixelated detector :
      1344 pixels → 180 channels
      Mean multiplexing factor 7
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Effect of the multiplexing
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Neural network

Detector 
simulation

- Dimensionnality
- Number of filters (difficulty of the task)
- Activation and normalisation methods

Multiplexing
simulation

Architecture or the NN is 
currently under review.

Neural network training
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TPC Event displays Example of typical simulated event.
No real data available for the moment.

On 200k simulated events : effiency:  94% for muons , 63% for electrons , 99% for empty 
                                                purity:  94% for muons , 70% for electrons , 99% for empty 
Demultiplexing is good (99%), the difficulty is the particle identification.
In the end, pixel metrics are not crucial. Only the track direction count.
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Current method Neural network

Improvement in 75% 
of the pixels

(i.e. directions)

Current method Neural network

0.72 0.60 (-27%)

ARE(NN) < ARE(Cur. Meth.)
ARE(NN) > ARE(Cur. Meth.)

Evaluation on real data: Reprocess of ScanPyramids 
Data taken with multiplexed resistive strip Micromegas detectors

Directions of
progress and regress

Mean absolute relative error : -27%
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Opacity images 
denoising3b
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Context: article in preparation
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Noise issue in opacity images

Opacity with 22 days of real data Opacity map from the reactor model

Noise is mainly due to a lack of statistics.
(i.e. 22 days is a short duration)
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Acquisition

3D 
Reconstruction

Object studied

Muographies

Opacity 
estimation

Opacities (2D images)

“Blind” tomography
(3D image)

Regions of interest
Suspicions of anomalies

Goals and
documentation

Analysis

Degrees of 
freedom decision

Variables of interest :

Observed anomalies
Defaults in the images

Data analysis pipeline

Multiplexed signal

Demultiplexing

Tracking

Muon hits

shapedistance

density
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Acquisition

3D 
Reconstruction

Object studied

Muographies

Opacity 
estimation

Opacities (2D images)

“Blind” tomography
(3D image)

Regions of interest
Suspicions of anomalies

Goals and
documentation

Analysis

Degrees of 
freedom decision

Variables of interest

Observed anomalies
Defaults in the images

Data analysis pipeline

Multiplexed signal

Demultiplexing

Tracking

Muon hits

3D Modeling

Model 
modifications

3D model

Dataset of models
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Object
studied

Dataset
of models

Noisy opacities

Denoiser

Noise
generator

Perfect opacitiesAcquisition

Opacity 
estimation

Goals and
documentation

Demultiplexing
Tracking

Projection

Denoised opacities

Data analysis pipeline

o=∫ρ⋅dl

Perfect opacity images 
may be obtained by 

projection of a 3D model :
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Denoising qualitative performances

Opacity
with 22 days of real data Opacity map in the model

Opacity
with 22 days of real data

and denoising

On real data : visually working.
But real object ≠ model. 
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Denoising quantitative performances

In this case :
   10 days of denoising 
   ~ 100 days without 

i.e. gain factor 10
in measurement durations

Measured on simulations

Measurement duration increases (log)

Image quality 
improves (log)
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3D images 
postprocess3c
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3D 
Reconstruction

Object
studied

Dataset
of models

Noisy opacities

Denoiser

Noise
generator

Perfect opacities

3D
Postprocess

Acquisition

Opacity 
estimation

Goals and
documentation

Demultiplexing
Tracking

Projection

Denoised opacities

Tomography

Postprocessed tomography

Data analysis pipeline

o=∫ρ⋅dl

Perfect opacity images 
may be obtained by 

projection of a 3D model :
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Model of the reactors G2 Reconstruction G3 Reconstruction

Postprocess the 3D results
■ Projections on the North-South directions of the reactors

doi.org/10.1126/
sciadv.abq8431

Preliminary

G3 Reconstruction
and postprocess

Preliminary

Data taking optimization
doi.org/10.1051/epjconf/202328807001

Postprocess

https://doi.org/10.1051/epjconf/202328807001


Baptiste Lefevre, Pisa Meeting 2024 37

Postprocess
Preliminary results
Published in ScienceAdvances
doi.org/10.1126/sciadv.abq8431 ReactorReactor

modelmodel
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Postprocess
Preliminary results
Published in ScienceAdvances
doi.org/10.1126/sciadv.abq8431 

Postprocess,
To be published 

Preliminary
Pisa Meeting

Preliminary
Pisa MeetingPrelim

inary

Pisa
 M

eeting

ReactorReactor
modelmodel
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Conclusion
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Summary

■ Neural networks may replace some parts of the analysis...

■ … or be added to the existing pipeline

■ New techniques improved the images...
■ With better demultiplexing (low level analysis for more reliable muon tracks)
■ With denoising (to compensate the low statistics)

■ … and the 3D reconstruction
■ With a postprocess of the 3D reconstruction

■ Work done for my PhD thesis: ending in november 2024



Thank you !

Baptiste Lefevre,
Héctor Gomez, 
David Attié

baptiste.lefevre@cea.fr

Image : G2 nuclear reactor
in Marcoule (France) →  
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Backup slides 
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Muography project at CEA / Irfu

Angles of the 
reconstructed tracks

o=∫ρ⋅dl

Raw muography Opacity estimation



Baptiste Lefevre, Pisa Meeting 2024 44

Denoising performances

1 month of denoising
~ 1 year without 

6 different 
images

1 day of denoising
~ 1 week without 

> 2 years denoising
is worse than without 

The performance of the 
denoising depends on the 
the position of the telescope.

Can only be measured 
on simulations.
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G2 3D Reconstruction
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Conclusions :
■ Number of positions is more important than duration
■ Trained and available staff on site are a key asset
■ Methodology has to be modified between G2 and G3
■ Need high number of telescopes

Data taking optimization
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G2-G3 Differences - Acquisition

G2 (published) G3 (preliminary)
Positions 27 46

Used duration (months) 24 12

New mechanic Installation in small corridors Installation in complicated 
environment
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G2-G3 Differences - Acquisition

Map of the positions at the G3 reactor

View below the reactor
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Large anomalies detected

Simulated opacity Measured opacityDivision
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Previous TPC demultiplexing algorithm
Marion Lehuraux,
Development of new Time Projection Chambers for societal  and academic applications : muon tomography in 
confined environment and T2K upgrade of the near detector,
Ph.D. thesis, Université Paris-Saclay, 2022

■ Consider the multiplexed points 
as noise

■ Uses multiple fits in 2D and 3D
■ Needs constraining hypothesis 

(number of pixels hit, no delta 
rays)
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Inputs and outputs of the TPC demultiplexing

    Inputs:
■ Activated pixels (boolean matrix)
■ Energy deposit per pixel
■ Time of arrival per pixel

Outputs:
■ Muon probability matrix
■ Electron probability matrix
■ « Empty » probability matrix
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What is the best muography possible ?

Simulated infinite time Simulated infinite time
& no scattering
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