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Context: detection of particular radioactive gases

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

A common situation: as an illustration 137 Cs

55Cs137

56Bal37m

> oo 0.6617 11/2-

0.6617 MeV'y

56Bal37 o g

stable

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

But in some cases

High probability toward Only a ground state Only a ground state
the ground state

Qp=687 keV SSRb N-14 He-3
— Almost no ~-rays — no ~y-rays — no ~y-rays

Here, no v-rays — need to detect the 3 (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)

Table 6.3 Annual release of radionuclides (per GWe of eleckricity generation) from nuclear
reactors (based on the data reported for the 1990-1994 period) (data source: UNSCEAR 2000)

Normalized release per GWe of electricity g {(TBq per GWe per yean|

Airbome Release Tiquid Release

Noble

gas Particulates

(Xe, (mostly as Other (*Sr, '¥'Cs, *'Cr,

— SRb, “Rb, **Mn, **Co, “°Co, and

k) H 131y 1398) H |97
PWR |27 23 0.0003 |0.0002 2 [0019
BWR 350 094 051 [0.0008 [0.18 094 0,043
GCR | 1600 47 [14 [0.0014 [0.0003 220 [051
HWR | 2100 650 | 1.6 |0.0004 |0.00005 490 [0.13
LWGR | 1700 26 [13 (0007 [0.014 11 [0.00s
FBR 380 49 {012 [0.0003 [0.012 18 [0.049
Total | 330 36 044 |0.0007 |0.040 48 [0.047

Total combined release: 415 (TBq)

For reprocessing of nuclear fuel

Table 6.4 Annual average Airborne release Liquid release
release of from 7 o 370
reprocessing ( ase in e
TBq per GWe of electricity C 04 0.8
generation during the period | *Kr 6300 -
1990-1994) (data source: Sr - 2.0
UNSCEAR 2000) TRy - 21

e 0.001 0.03

By 9x10°° -

Cs 8x10° 1.03

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

christophe.dujardin@univ-lyon1 Lumdetr Riga, Latvia



Context: very short penetration in air

But ....

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

calculations for 3*H and % Kr

Simulated energy distributions Efficiency of detection (1 keV limit)
1e-2 Q
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— the ideal detection system needs to mix the gaz with the sensor !
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—the element to be detected has to be intermixed with the sensor

gaz - liquid mixing

bubbling the gaz in liquid
scintilllator

o ~ 1 week for 1 measurement
@ only for 3H

@ organic wastes
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—the element to be detected has to be intermixed with the sensor

gaz - liquid mixing

bubbling the gaz in liquid gaz - gaz mixing

scintilllator proportionnel counter

o ~ 150kE

o ~ 1 week for 1 measurement . .
@ requires a carrier gaz

3
@ only for °H . - .
y _ o fragile and sensitive electronics
@ organic wastes

— 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

B
|
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Material science strategy for gaz-solid mixing

Main requirements: a few cm sizes, transparent, bright and fast

B
|
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Material science strategy for gaz-solid mixing

transparent = nano-sized architechture

Aerogel of silica network of nanoparticules
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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)

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



The H2020-FET-OPEN SPARTE project

SPARTE

Scintillating Porous Architectures
for RadioacTivE gas detection

(]

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

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 899293
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Material science strategy for gaz-solid mixing

With MOF

nature photonics

Article https://doi.org/10.1038/541566-023-01211-2
Efficient radioactive gas detection by
scintillating porous metal-organic
frameworks
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Detection of Radioactive Gas with Scintillating MOFs

Sharvanee Mauree, Vincent Villemot, Matthieu Hamel, Benoit Sabot, Sylvie Pierre,
Christophe Dujardin, Francesca Belloni, Angiolina Comotti, Silvia Bracco, Jacopo Perego,
and Guillaume H. V. Bertrand*

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:
CEBI’3, Y25i05:Ce3+, Y3A|5012!C93+,

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 Y3Al501,:Ce3or4+

MMATERIALSMW —— ]

From Nanoparticle Assembly to Monolithic Aerogels of YAG, Rare
Earth Fluorides, and Composites

Mateusz Odziomek, " Frederic Chaput,*" Frederic Lerouge,” Christophe Dujardin,*® Maciej Sitarz,
Szilvia Karpati, and Stephane Parola
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Aerogel of YAG:Ce*"

From a lab sample to a functional sensor (with YAG:Ce*")

supercritical drying

destabilization
+ thermal treatment

PR

YAG:Ce** YAG:Ce** YAG:Ce**
Colloidal solution Gel Aerogels
3 \G:C 1 f

Scintillating Por
or Radioac TivE

=L — | N
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— The best sample is 750°C in air
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The Scintillation of the YAG:Ce*" aerogel

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

stable Ce* center

|

p trap —@—

Ce** —_ Ce oy ey Ce
—o— R —@— i=5200m

(o] —2
<

»time
stable Ce** center

trap —@— trap trap
o' Dy e o | & Gt
_ —@— 7=5200m ——

| '
|
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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:Ce*" aerogel sample
SPART™ /

Scmtlllatlm A ctures
or Radroach. gas detection
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The Scintillation of the YAG:Ce*" aerogel

Radioluminescence spectra and time response under X-rays
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Standard RL spectra for YAG:Ce**
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

time
window
I PMT A
| PMT B
PMTC
D=1 D=3 D=0
T=0 T=1 T=0
(D-2 needed) Can be noise

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

— T/D gives the scintillation yield
According to Poisson distribution npe ~ —3/n(1 — %)

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

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



Measuring the yield of aerogel

The Compton TDCR experiment

Beam from
the source

3PMTs: A, Band C

Vial with
scintillator
Compton spectrometer
CdTe with cooler and pre-
AMP

Small thickness of material
between the vial and the

Lead shiclding with source rotation e 2
Translation rod sgeotromeier

and translation Ring holder to install a

gamma source below

Scintillaor inside
 PE-PTFE vial

Highresoluion | St
13y detector

Cross corelation spectrain
function of the deposited
energy inside the scinillator

Monoenergetic

ray source
P

| ot |

— 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

1e-2
6 - e
| 4 -
Compton-TDCR exp. . 14 emitted
detected
44 ‘ = emitted
2 w = detected
s +0 O
[ zZ
1 S
2 ' % :
v : — 85 Kr
i Cd
A v
! o \
0 T = T T T = T r—rr

0 10 20 30 40 50 10'1 100 101 102 103
Energy [keV] Energy [keV]

Compton-TDCR — 0.124 phe/keV

0.124 phe /keV — detection efficiency prediction:
96.3% for 8°Kr 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

The rdioactive gas

3 aerogel pieces in the liquid scintillation vial were used.
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The results with 8 Kr

Analysis in 100s per point (almost real time)

4000
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Very good linearity for 8 Kr 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)

200 200
1754
A ®%ccc0,00000,, 3H o
150 150
_ 584.2 Bq 125+
'-I< > 0%e%00®e®0%00 0 T .
A I 2,100
©
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50 0000000 ,00000°3 :
-1 L] =]
50 - H
(] . 1
. 251 i
0 5888882888228 8880002888202 o H
(X XXX S08TFe e 0 P 1
T T T T T T T
0 1000 2000 3000 0 200 400 600 800
Time [s] Activity [Bq]

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

250

1750
g
200 1500 1
884Bq 883Bq  883Bg 12504 1180Bq 1170Bq 1172 Bq
150 _ -
T 1000
@, -,
Q 100 o 7504
500 -
50
250
0_ T T T T 0 = T — T h| |‘-
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time [s] Time [s]

We can detect sub-Bq / cm? of 8Kr & 3H in real time!

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

Experimental evolution of T/D as a function of At

1.0
OOCOOC 85Ky
0.8«
43 keV
0.6 00 o0 °?® °© °
Q
|_ L]
044 °
° 25 keV
oo ° oo e T ° -
024---o"*
&
00 T T T
0 500 1000 1500 2000

Time window [ns]

Can we simulate?
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About Time coincidence window

The Monte Carlo method with the X-ray decay

With radioactive event t=0 is not known

. At m=2
Decay under X-ray gives the D R
probability law (defined t=0) ”
1074 At
2 m=2
’?10'3-
At
2 At, m=3
F 107 >
8
o
a At
1073 At, m=3
2(')0 4(')0 E_C;_Ii)me&'islslmbu |2IOU 14'00 E AtD time
[ === At m=4

\4

event@t=0

— It allows to evaluate D and T vs At for various m.
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About Time coincidence window

The Monte Carlo method to simulate T and D vs At

Double Coincidences Triple Coincidences

normalized counts
3
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— let's take a poisson distribution to get T/D vs At?
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About Time coincidence window

Experience & simulation of T/D vs At

10
85Kr
43 keV
a
'—
25 keV
pamsmasess —
At=400ns
500 1000 1500 2000

Time window [ns]

— At = 400ns is a good compromise: signal / noise

— Cannot fit the 8Kr 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)

10 10
02 eBo8sedanss
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It reflects the higher mean energy of electrons for 8 Kr
— It can be used for gaz identification
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Spectroscopic capability

A measure with 2 gaz mixtures (°*H + %Kr)

1.0 . = 400
éa o8 525.0-55. £ mix 2
g°? 350 mix
o pr—
084 |esky ° u=0910
3004 ®
06 250
Q 2,200 @ mix 1
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04 3 1504
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0.2+ ssesdseesesias d
50 3
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0 500 1000 1500 2000 2500 3000 0.0 0.2 04 06 0.8 1.0
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— 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

4000 200
3500 - o 1754 | 3H
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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 (Dag) vs Dago/Dao

1.0

4000
e =0.910 .
8Kr § . @ mix 2
087 85
30004 Kr
0.6 =
a 0, .
= 2000
= S ® mix 1
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0.4 S
1000 1
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— It allows to check the "purity” of the gases as well !

— Measurement with the same gas mixtures (8°Kr + 3H)
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Spectroscopic capability

Example of measurements with the 2 gas mixtures (°Kr + 3H)

500 1.0 1.0
mix 1 mix 2
4004 |3H + 8K mix 2 0.8 0.8+
3 8
300 . 3 0.6 $ 0.6
D mix 1 |53 b
2, ST a a
D200 400 ns ° . g 044 real activities| & 0.4
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. 8 e [ St as ) o
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0 2000 4000 6000 8000 0 1000 2000 3000 4000 0 1000 2000 3000 4000
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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

SPARTE

Scintillating Porous Architectures
for RadioacTivE gas detection

Thank you for your attention
(R.Marie-Luce et al, under revision)

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

IRl This project has received funding from the European Union’s Horizon 2020
Bl research and innovation programme under grant agreement No 899293
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