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Context: detection of particular radioactive gases

It exists various kinds of radioactivies
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Context: γ-ray emitters

A common situation: as an illustration 137Cs

Here, it is easy to detect the γ with mature technologies
(even from far since γ-rays can travel in air)
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Context: case of pure β-ray emitters

But in some cases

High probability toward
the ground state

→ Almost no γ-rays

Only a ground state

→ no γ-rays

Only a ground state

→ no γ-rays

Here, no γ-rays → need to detect the β (electron)

(these 3 are really critical for the survey of nuclear power plants)
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Context: societal impact
For production (case of various reactor technologies)

For reprocessing of nuclear fuel

Yim M.S. Generation of nuclear Waste from Nuclear Power, (Springer) Netherlands, Dordrecht, 2022

→ Need for an efficient and real-time detector for these ones
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Context: very short penetration in air

But ....

Simulated trajectories of 5 keV
electrons in air
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Context: very short penetration in air

calculations for 3H and 85Kr

Simulated energy distributions
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→ the ideal detection system needs to mix the gaz with the sensor !
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Context

→the element to be detected has to be intermixed with the sensor

gaz - liquid mixing

bubbling the gaz in liquid
scintilllator

≈ 1 week for 1 measurement

only for 3H

organic wastes

gaz - gaz mixing

proportionnel counter

≈ 150 ke

requires a carrier gaz

fragile and sensitive electronics

→ can we do better with gaz-solid mixing approach?
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Material science strategy for gaz-solid mixing

The concept of porous scintillator: the scintillating sponge
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Material science strategy for gaz-solid mixing

Main requirements: a few cm sizes, transparent, bright and fast
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Material science strategy for gaz-solid mixing

transparent = nano-sized architechture

Aerogel of silica network of nanoparticules

christophe.dujardin@univ-lyon1.fr Lumdetr 2024, Riga, Latvia



Material science strategy for gaz-solid mixing

bright and fast: an aerogel of inorganic nanoscintillators or MOF
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Material science strategy for gaz-solid mixing

The concept and target (h ≈ 5 cm, ∅ ≈ 2.5cm)
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The H2020-FET-OPEN SPARTE project

University Lyon 1 - France, Aerogel of inorganic scintillator,
Scintillation, data analysis

Czech Technical Univeristy Czeck Rep., Nanoscintillator with
photochemical synthesis

Milano Biccoca University, Italy, MOF nanocrystals, Scintillation

Materias srl, Italy, MOF based aerogel synthesis

CEA, France, MOF crystals, Radioactive gaz analysis

Lyon Ingenierie Projet, France, Project administration
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Material science strategy for gaz-solid mixing

With MOF

It performs well as building block: bright and fast (organic dyes)
but hard to get a transparent monolith yet.
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Aerogel of inorganic nanoscintillator

It exists many compositions satisfying the needs:
CeBr3, Y2SiO5:Ce3+, Y3Al5O12:Ce3+, ...

but:

It requires to prepare a large porous aerogel (a few cm)

Chemical stability

Radiopure (no Lu)

With properties as nanosize preserved

We do not care about density of the compound

→ based on our experience, we have selected Y3Al5O12:Ce
3or4+
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Aerogel of YAG:Ce4+

From a lab sample to a functional sensor (with YAG:Ce4+)

→ The best sample is 750◦C in air
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The Scintillation of the YAG:Ce4+ aerogel

→ 4+ is not a typo: we are dealing with scintillation!
Ce4+ can be seen as a ”pre-prepared” Ce3+ + 1 captured hole.

stable Ce3+ center

trap

time

λ=520nm

Ce4+ Ce3+ * 
trap

+

Ce3+  Ce3+  

stable Ce4+ center

λ=520nm

Ce4+ Ce4+ Ce3+ * 
trap

Ce3+  
traptrap

+

Ce3+  

+ +

See
- Blahuta et. al. IEEE-TNS2013 for LYSO:Ce

- Nikl et. al. Cryst. Growth and Des. 2014 with LuAG:Ce
- Dujardin et.al. IEEE-TNS 2018 as a review
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The selected YAG:Ce4+ aerogel sample
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The Scintillation of the YAG:Ce4+ aerogel

Radioluminescence spectra and time response under X-rays

Standard RL spectra for YAG:Ce4+

Slower decay due to the low refractive index
d ≈ 0.36 g .cm−3 (crystal d=4.56g .cm−3) → 92% of air, 8% of YAG
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Measuring the yield of aerogel

3 PMTs: Double and triple coincidence technique

A scintillation event → several optical photons
- for this scheme each pulse corresponds to a single optical photon

→ D=1 : 1 scintillation event → D gives the activity

→ T/D gives the scintillation yield
According to Poisson distribution npe ≈ −3ln(1− T

D )

see: Broda R., Cassette P. and Kossert K. 2007: Radionuclide metrology using liquid scintillation counting; Metrologia 44 (2007) 36-52
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Measuring the yield of aerogel

The Compton TDCR experiment

→ It allows to know the yield at known electron energy

see: Sabot B.. 2024, Scientific Report 14, 6960
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Measuring the yield of aerogel

Efficiency under electron excitation

Compton-TDCR → 0.124 phe/keV

0.124 phe /keV → detection efficiency prediction:
96.3% for 85Kr and 17.6% for 3H
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The Experiment under radioactive Gaz

The detection module with 3 PMTs developed for Liquid
Scintillation at CEA-LNHB

→ Double and triple coincidences technique

3 aerogel pieces in the liquid scintillation vial were used.
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The results with 85Kr

Analysis in 100s per point (almost real time)
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Very good linearity for 85Kr and 100% of detection efficiency !
(96.3% was predicted)
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The results with 3H

Analysis in 100s per point (almost real time)
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Very good linearity for 3H and 18.1% of detection efficiency !
(17.6% was predicted)
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Multiple measurements

And a good detection reproducibility
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We can detect sub-Bq / cm3 of 85Kr & 3H in real time!

Current detection sensitivity: a few 10mBq/cm3 (atm. pressure)
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About Time coincidence window

Experimental evolution of T/D as a function of ∆t

Can we simulate?
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About Time coincidence window

The Monte Carlo method with the X-ray decay

Decay under X-ray gives the 
probability law (de�ned t=0)

With radioactive event t=0 is not known
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→ It allows to evaluate D and T vs ∆t for various m.
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About Time coincidence window

The Monte Carlo method to simulate T and D vs ∆t

→ let’s take a poisson distribution to get T/D vs ∆t?
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About Time coincidence window
Experience & simulation of T/D vs ∆t

→ ∆t = 400ns is a good compromise: signal / noise

→ Cannot fit the 85Kr because of the wide spectrum
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Spectroscopic capability

Analysis of the ratio triple coinc. / double coinc.

(an indicator of the mean number of photons per event)
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It reflects the higher mean energy of electrons for 85Kr
→ It can be used for gaz identification
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Spectroscopic capability

A measure with 2 gaz mixtures (3H + 85Kr)

→ The mixtures can be identified !
(but requires a system with 3 detectors)
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Spectroscopic capability

The same information considering D with 2 different time windows
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→ large electron energy: almost no difference
→ small electron energy: large difference

→ It can be obtained with only 2 detectors!
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Spectroscopic capability

Identification with the 2D map: Activity (D400) vs D400/D40
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→ It allows to check the ”purity” of the gases as well !

→ Measurement with the same gas mixtures (85Kr + 3H)
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Spectroscopic capability

Example of measurements with the 2 gas mixtures (85Kr + 3H)
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We can combine the 2 informations to ”demix” the respective activities
→ Almost real time information (100 s per point)

- Patent 2307880 (July 2023) -

→ Crucial information for nuclear power plants during operation
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Conclusion

Thank you for your attention

(R.Marie-Luce et al, under revision)

follow our project: https://www.sparte-project.eu
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