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The nuclear industry’s expansion to encompass carbon-free electricity

generation from small modular reactors and nuclear fuel reprocessing
necessitates enhanced detection and monitoring of pure beta-emitting
radioactive elements such as >’H and *Kr; this endeavour is crucial for
nuclear safety authorities tasked with environmental monitoring. However,
the short range of electrons emitted by these gases makes detection
challenging. Current methods, such as ionization chambers and liquid
scintillation, do not offer at the same time good sensitivity, real-time analysis
and ease of implementation. We demonstrate an approach using a gas-
solid mixture to overcome these limitations. We synthetized a transparent
and scintillating nanoporous material, an aerogel of Y;Al;0,,:Ce**, and
achieved real-time detection with an efficiency of 96% for %*Kr and 18% for
*H. The method reaches a sensitivity below 100 mBq per cm®over100 s
measurement time. We are able to measure simultaneously as mixtures
containing both *H and ®°Kr a capability not possible previously. Our

results demonstrate acompact and robust detection system for inline

measurement of strategic radioactive gases. This combination of concept
and method enhances nuclear power plant management and contributes
to environmental safeguarding. Beyond the detection issues, this concept

opens awide field of new methods for radionuclide metrology.

Unstable radionuclides, which exist as natural elements or are pro-
duced by humanactivities, naturally emitionizing radiations. The effi-
cient detection of ionizing radiations is crucial across societal sectors,
such as healthcare, security, energy and nuclear waste management.
In the case of radionuclides that decay directly to the ground state in
the atmosphere, it is necessary to detect the 3 or a radiation directly,
which is very challenging owing to their short mean free path in air
at normal pressure. The efficient detection of these radionuclides is,

in particular, critical for nuclear activities such as radioprotection
and risk evaluation, the use of radioactive gas tracers in geosciences
or astrophysics and the Comprehensive Nuclear-Test-Ban Treaty
Organization (CTBTO), all of which requires a metrological level'®.
As aresult, detecting pure B-emitting radionuclides, particularly in
the gaseous phase, poses animportant challenge. Among the common
pure B-emitting radionuclides, tritium (H) is one of the most difficult
tomeasure’. Itis due toits status as alow-energy p emitter (maximum
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Fig.1|Electron trajectories and mean free paths in air for various
representative initial energies. a, Monte Carlo simulation of 10 electron
trajectories in air with an initial energy of 5 keV along the z-axis. The 2D map
corresponds to the projection in the xz-plane. The remaining energy along the
trajectory is indicated by the colour. b, Energy distribution of emitted electrons
for *H and %Kr. For clarity, dV/dE has been multiplied by 10 for %Kr. The dashed
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grey lines indicate the energies of 5 keV and 100 keV. Right axis (purple): mean
value Z,,.,, of the maximum z value reached by the electrons in air, as a function
of theinitial energy. ¢, Schematic description of the nanoporous scintillating
spongein the vial. The radioactive gas, after being injected, diffusesinside the
open porosity of the aerogel. Each electron interaction with the nanostructured
material generates a flash of light.

energy E,.... =18.6 keV and average energy E,, = 5.7 keV)'°. However, it
is crucial to monitor *H because it is often involved in various nuclear
activities, whether during mandatory controls by nuclear authorities,
during the dismantling of nuclear power plants or during studies onthe
development of fusion. Another crucialanthropomorphic radionuclide
is 5Kr (E,.. = 687 keV, E,, = 251 keV), which is a fission product gener-
ated at a very high concentration in the atmosphere during nuclear
power plant operation and nuclear fuel reprocessing (6,300 TBq per
year per GWe)". Normally, the detection of radioactive gases is pos-
sible but requires sampling and laboratory processing, particularly
for3Husing abubblerand liquid scintillation. In this study, we present
amethod capable of directly detecting, inline, without destructive
or polluting methods, gases such as low-energy pure beta emitters
like *H.

Unlike X and y emitters, low-energy [ particles cannot be effi-
ciently detected at a distance larger than tens of micrometres from a
source. To illustrate this, using PENELOPE software'?, simulated tra-
jectories of 5 keV electrons in air are presented in Fig. 1a. For almost
all pure B emitters, the  emissions appear as aspectrum whose shape
and distribution depend on the radionuclide®. Figure 1b shows the

energy spectra of electrons emitted during the decay of the radio-
nuclides of interest, *H and ¥Kr, calculated with BetaShape 2.2
(ref.14). The challenge of gas phase detection extends beyond just *H,
toinclude other elements, but with *H, being one of the most difficult to
detect. The particle’s type and energy significantly influence the mean
maximum distance travelled. In the case of 3, the distance can range
from a few micrometres to several tens of centimetres in air (Fig. 1b).
Consequently, low-energy 3 cannot be detected at distances greater
thanahundred micrometres. Moreover, these electrons deposit their
energy as they travel through the air, resulting in rapid energy loss.
This suggests that the highest detection efficiency is obtained when
the radionuclide is incorporated in the sensing part of the detector,
which is applied with different gas radionuclides in ionization cham-
bers (gas-gas mixing) and for liquid solutionin the liquid scintillation
counting technique (gas-liquid mixing)®.

In gas-counting chambers, the radioactive gas is mixed with a
counting gas (such as propane or argon-methane) and direct ioniza-
tion is observed in the proportional counter mode. This technique is
used in metrology for primary standardization of activity concentra-
tions down to 200 Bq cm (ref. 16). lonization chambers are the most
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sensitive type of counting device owing to their large volume. Among
the various products, the largest one, withavolume of 8 L, is reported
to initiate the detection of >H at a concentration of 5 kBq m~ with an
integrationtime of 90 s (ref. 17). Liquid scintillation counting technique
is the standard technique for *H but cannot be performed inline.

Liquid scintillation is used in conjunction with abubbler to capture
*H presentin the air with a certain transfer efficiency, estimated at 95%
in the case of current commercial devices'®. The bubbler aims either
to retain water molecules charged with *H or to enable an isotopic
exchange between the gaseous *H and water. This exchange is not
possible with *Kr. In addition, ®Kr’s solubility in a liquid scintillator is
relatively low, making direct bubbling inefficient”. The only currently
available technology for 3Kr detection is the previously mentioned
gas-counting technique. The overall cycle duration for one measure-
ment takes approximately 1week. Inaddition, after the measurements,
the liquid scintillation mixed with water and *H becomes an organic
radioactive waste that cannot be reused. Insummary, neither gas-gas
mixing nor gas-liquid mixing techniques can meet all the require-
ments for efficient and real-time detection of °H, *Kr and other pure 8
emitters. These methods also fail to meet additional requirements,
suchas being non-polluting during usage, easy to deploy and simple to
clean. We hereby introduce the concept of gas-solid mixing to design
an efficient detector, wherein the radioactive gasisintroducedinto a
highly porous transparent inorganic scintillator. This novel approach,
akin to a ‘scintillating sponge’, aims to produce a solid-state-based
sensor that combines real-time read-out, high sensitivity in detecting
pure B radioactive emitters (including *H), reusability, compactness
and even cost-effectiveness. In brief, a micro-/nanoporous aerogel
absorbs or facilitates the diffusion of the radioactive gas. Since this
porous materialis scintillating, the electron resulting from aradionu-
clide decayinteracts over short distances with the scintillating material
within a solid angle of 4 steradians (as sketched in Fig. 1¢). To mini-
mize light scattering within the porous architecture, it is imperative
to mitigate Mie scattering until it falls below the Rayleigh scattering
threshold, thus necessitating particle sizes smaller than A/10. As a
consequence, contrary to the powder-like metal-organic frameworks
tested in**?, the nanoporosity ensures the material transparency
over the whole material and allows the extraction of the light signal,
which can be detected with double and/or triple coincidence tech-
niques. In principle, a large specific area within a confined volume
enables highly efficient detection of low-energy electrons such asthose
emitted by °H.

The study presents the results with areference measuring device
for liquid scintillation metrology***. To fulfil the required scintilla-
tion criteria, it is crucial to attain the highest possible scintillation
efficiency (atleast >20 photons per keV) and the shortest scintillation
decay time (< a few 100 ns), facilitating the use of the narrowest pos-
sible coincidence time window. In addition to achieving scintillation
performance, which can be adequately met by several other composi-
tions (Y,Si0s:Ce*, CeBrs,...), itis also essential to ensure the preparation
oflarge, transparent aerogels with excellent chemical stability against
humidity and radiation, as well as high radiopurity. Lu-based com-
pounds, therefore, cannotbe considered. Y;Al;0,, doped with cerium
ions (YAG:Ce) satisfies these requirements. This well-known compound
exhibits a fast allowed electric dipole transition d—fof Ce** (about 70 ns
t0 90 ns depending onthe producer and the excitation conditions) and
efficient emission under photoexcitation or ionizing radiation** 2,

Results

Aerogel preparation

By controlled destabilization of the YAG:Ce colloidal suspensions pre-
pared by asolvothermal approach (particlesize centred around 4.3 nm),
monolithic gels were prepared”. To achieve this, awater-miscible sol-
ventmixture (ethanol/1,4-dioxane) of low dielectric constant was added
tothe concentrated colloid. Gelation then took place withinafew hours,
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Fig.2|One typical studied porous scintillator assembly and its porosity
property. a, Picture of aerogels before and after heat treatment at 750 °C in air
(white sample on the right). b, Transmission electron microscopy image of the
YAG:Ce nanoparticles after thermal treatment at 750 °C. ¢, Nitrogen adsorption
and desorptionisotherms (adsorption (red full), desorption (red dashed)). Inset
(red scatter): pore radius distribution of the thermal annealed aerogel (cm®>nm™).

leading to transparent gels. To improve their mechanical properties,
the gels were aged at room temperature for 24 h and then at 40 °C
for 48 h. The resulting gel is highly transparent, with a yellow colour
characteristic of ceriumabsorptioninthe 3+ state (4f-5d transitions).

Transparent or slightly opalescent aerogels were obtained after
supercritical CO, drying of the gels (Fig. 2a). To optimize the optical
and scintillation properties of the aerogels, high-temperature treat-
ment under air was necessary (750 °C, 1 h). This treatment leads to
a well-crystallized nanoparticle with a diameter between 10 nm and
20 nm. Treatment at a higher temperature resulted in lower transmis-
sioninthevisible range, whichis detrimental to the intended applica-
tion. The aerogels thus prepared were in the form of 24-mm-diameter,
10-mm-thick disks. Three of them were introduced into a standard
18.1 cm? liquid scintillation vial. The total volume of the aerogel was
16.5 cm?®. The aerogel density was 0.36 g cm™. For comparison, the
density of the YAG single crystal is 4.56 g cm™. Aerogel porosity was
assessed by transmission electron microscopy and tomography (Fig. 2b
and Supplementary Video 1) as well as by the Brunauer-Emmett-Teller
(BET) method, leading to a specific area of 118 m* g and pore size
distribution peaking at 25 nm (Fig. 2c). The untreated aerogels are yel-
low, while air-treated ones turn white. This reflects the change of the
cerium oxidation state from 3+ to 4+. In general, the presence of Ce**
ionsis detrimental to photoluminescence, which requires the optical
absorption from the Ce* ion. Thessituation is very different, however,
inthe case of excitation by ionizing radiation. In this case, the cerium
is excited by sequential capture of holes and electrons involving Ce**
(ref. 28). Ce* bypasses the hole capture and is in this case an excellent
active centre for YAG:Ce scintillation.

Scintillation of the aerogel

The spectraland time dependence of the X-ray-induced emission of the
YAG:Ce** aerogel is presented in Fig. 3a. Because the primary interaction
between the X-ray photon and the materials generates a hot electron,
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Fig. 3| Scintillation properties of the YAG:Ce** aerogel. a, Top: 2D map
(wavelength/time) radioluminescence of the YAG:Ce aerogel annealed in air

at 750 °C. Bottom: radioluminescence spectra without time selection (blue
opencircles). b, Luminescence decay time under X-ray excitation (blue) and

440 nm excitation (orange) and curve fitting with three exponential functions
(black). ¢, Experimental data (green scatters) for electron excitation using

the Compton electron and the photoelectron from the K-edge interaction of
cerium (25 keV) and yttrium (43 keV). The error bars correspond to the absolute
standard uncertainty evaluated for each measurement point following the guide
for expressing uncertainties®. The linear fit (black dashed line) leads to the

Time window (ns)

Time window (ns)

calibration curve®. d, Full line: energy distribution of electrons emitted for *H
and *Kr (as in Fig. 1b). Dashed line: corresponding calculated energy distribution
of detected electrons based on the estimated number of double coincidences.

e, Simulations of the expected evolution of T/D with the coincidence time
window in the case of strictly n photons detected per scintillation event.

f, Coloured circles: experimental evolution of T/D with the coincidence time
window for monochromatic electrons at energies of 25 keV (green) and 43 keV
(red), and for the radionuclides *H (orange) and **Kr (blue). The black lines are
the simulated T/D based on a Poissonian distribution of the number of photons
detected, using the simulated datafrome.

such an experiment is representative of a f§ interaction with the aero-
gels. The scintillation emission corresponds to the well-known broad
spectral band centred at 550 nm similar to what has been observed in
the case of powders and crystals*. The temporal response under X-ray
excitationis complex with 3 exponential components (217 ns (80.2%),
86.3 ns (17.3%) and 5.4 ns (2.4%); Fig. 3b). As shown by the photolumi-
nescence decay time of samples treated under H,at 400 °C during 1 h
and excited at 440 nm (orange curve in Fig. 3b), the main component
corresponds to the radiative 5d-4f recombination of cerium. The
observed lifetimeis significantly extended compared with the crystal
(88 ns)*. This effect is related to the effective refractive index of the
very sparse medium (d = 0.36 gcm™ compared withd =4.56 gcm™for
the crystal), which strongly influences the radiative lifetime owing to
Fermi'sgoldenrule” . The faster components observed in both decay
curves correspond to extinction phenomena often observed, owing to
quenching defects on the surface on doped insulating nanocrystals.
In liquid scintillation radionuclide metrology, the vial is sur-
rounded by three photomultiplier (PMT) tubes with single photon
counting capability. Using a defined time coincidence window, the
number of double coincidences (D) is used to rule out noise counts
and determine the activity. It has also been demonstrated that the ratio
between the number of triple coincidences T to D is representative of

the average number of photons emitted and detected per event n,,,
(known as the triple-to-double coincidence ratio (TDCR) technique®).
Thistechniqueisused to obtainthe detection efficiency of the system
while a radionuclide is placed in the liquid scintillator. We recently
showed that this technique can also be applied asamethod for scintil-
lation characterization using an external monochromatic radioactive
source and called Compton-TDCR*. We have measured the YAG:Ce**
aerogel using an*!Am source emitting y-rays at 59.54 keV.

As aresult, Fig. 3c indicates a good linearity of the scintillation
response for electrons in the range from 5 keV to 50 keV, which corre-
spondsto partof our range of interest for the detection of radioactive
gases. The dashed line corresponds to a linear fit with a slope of 0.124
photoelectrons per keV. By extrapolating this curve to higher energies
up to 600 keV, we deduce an estimate of the probability of obtaining
a double coincidence as a function of the electron energy. By com-
bining this probability with the energy spectra of the radionuclides
presented in Fig. 1b, the detection efficiency of these radionuclides
can be calculated as 96.3% for %Kr and 17.6% for *H. This estimation
is based on the assumption that all electrons interact with the solid
material in the event of gas exposure and that energy deposition in
theairwithinthe poresis negligible. As expected, the loss of detection
efficiency is greater in the low-energy part of the spectrum (Fig. 3d).
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Fig. 4 |Inline detection evaluation of the nanoporous scintillator under

3H and °Kr exposures. a, Evolution of the double coincidences (D) and the

T/D coincidence ratio for several activities of °Kr (blue, 0.097 Bq cm™; yellow,
0.668 Bq cm; green, 3.54 Bq cm; pink, 16.61 Bq cm); higher measured
activities up t0192.4 Bq cm™are not represented in the top panel. In the bottom
panel, T/D for activities of 65.1Bqcm™,128.8 Bq cmand 192.4 Bq cm2are
represented as open black circles. b, Evolution of the double coincidences (D)
and the T/D coincidence ratio for several activities of >H in the vial (open,

0.077 Bqcm>; blue, 0.70 Bq cm™; yellow, 3.38 Bq cm>; green, 16.30 Bq cm; purple,
32.27 Bqcm; brown, 48.18 Bq cm™). In the bottom panel, T/D for activities of
32.25Bqcm™and 42.12 Bqare represented as open black circles. ¢, D values as a
function of the activity per cm® of ¥Kr for 40 ns (green circles) and 400 ns (red
circles) coincidence time windows. The blue curves correspond to linear fits.

d, D values as a function of the *H activity per cm®for 40 ns (green circles) and

400 ns (red circles) coincidence time windows. The orange curves correspond
to linear fits. e, T/D measured with a coincidence time window of 400 ns

as afunction of the ratio D,qo/D,o. D4 (resp. D,q0) is the number of double
coincidences measured in the coincidence time windows of 40 ns (resp. 400 ns).
Blue circles (resp. orange) correspond to *Kr (resp. *H). f, 2D plot of D, versus
D,00/D.4o allowing to clearly identify 5°Kr (blue circles) and *H (orange circles).
Purple and green circles correspond to the analysis of the gas mixtures mix 1

and mix 2. g, Evolution of the double coincidences D,, (opencircles) and

D00 (full circles) for the 2 gas mixtures mix 1 (green) and mix 2 (purple).

h,i, Reconstruction, based on g, of the separated contributions of the two gases
for both mix 1 (h) and mix 2 (i), which allows the deduction of the activity per cm?
of each gas in each mixture (uin Bq cm™). The black dashed line is the average
deduced value, and the coloured dashed lines are the activities in the vial.

Inaddition, we canalso examine the temporal properties of the aerogel.
The X-ray-induced decay-time measurement represents the statistics of
emission when the time stamp of the excitationis known. When meas-
uring D or T, the arrival of the first photon detected is not predictable.
Nevertheless, the X-ray decay curve allows us to simulate the time dif-
ference distribution between the first two and three photons (D resp. T),
which depends on the number of detected photons (Supplementary
Fig.1). Figure 3e represents then the simulated evolution of T/D as a
function of the coincidence time window whenstrictly 3,4, 5... photons
are emitted and detected for each event. Measurements of T/D as a
function of the coincidence time window for electrons of 25 keV and
43 keV are presented Fig. 3f (green and red circles). That demonstrates
that T/D values increase more slowly for small numbers of emitted
photons corresponding to a small amount of deposited energy. Con-
sidering a Poissonian distribution of the number of photons per event,
the simulated curve canclearly reproduce the experimental data. The
same procedure was applied when the aerogel was exposed to *H and

8Kr (yellow and blue points in Fig. 3f). While the *H curve could be
fitted, the %Kr could not. Like *H, ®*Kr is non-monochromatic but has
amuch broader electron energy spectrum, extending from 0 keV to
687 keV. The high-energy electrons contribute to the fastrise, while the
low-energy electrons contribute to the decrease of the average number
of photons emitted per event, and hence the T/D. This key result high-
lights a clear interconnection between the time response and the
energy deposited in the aerogel, offering a spectroscopic capability
of the detector as demonstrated in the next paragraph. To obtain a
sensitive dependence of the ratio with the mean number of detected
photons (timing-based spectroscopy), the scintillation decay time
hastobebetween 20 nsand 400 ns. In this respect, YAG:Ce** perfectly
meets this additional constraint.

Radioactive gas detection with aerogel
The dedicated radioactive gas measurement set-up described in the
Methods section enables us to expose the scintillating aerogel with
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activity concentrations of *H and ®¥Kr directly from primary standard
measurement and dilution. A scintillation event is measured for each
detected double coincidence within two selected coincidence time
windows (named At) of 40 ns and 400 ns with our reference electron-
ics®. D and T are both measured during 100 s, including a correction
for accidental coincidences, and the average T/D gives the average
scintillation yield per event. Activities from about 0.07 Bq per cm®
up to several kBq per cm®were injected in the porous scintillator and
corresponding TDCR measurements performed with a coincidence
window of 400 ns are presented in Fig. 4a,b for #Kr and *H (top part).
The radioactive gas injection and removal can clearly be identified
with the rapid increase and drop of D, the time response being faster
than our100 s countingrateintegration. The average value of Dwhen
the radioactive element has diffused in the aerogel can be plotted as
afunction of the activity. These calibration curves are presented for
8Krand>Hwith 40 nsand 400 ns coincidence time windows and show
alinear behaviour from 0.05Bqcm™to 50 Bq cm™for*Hand 200 kBq
cm~for®Kr (Fig. 4c,d). Considering the volume of the vial (18.1cm™),
the slopes of the calibration curves allow us to estimate a detection
efficiency close to 100% for ®*Kr and 18.1% for °H. These values are very
consistent with the predicted efficiencies 0f 96.3% and 17.3% presented
inFig.3fwiththe Compton-TDCR method. This confirms the hypothesis
that the energy deposited in the air contained in the pores along the
electron pathis negligible. In other words, this detector geometry does
not entail significant energy losses.

Analysis of gas mixtures

During exposure, T/D is measured and, as expected, does not depend
on the activity (bottom of Fig. 4a,b). The obtained T/D values lead to
anaverage it = 0.910 for ¥Kr and yr = 0.173 for *H. The significant differ-
ence of T/D values corresponds to the difference of the mean number
of detected photons per event for the two radionuclides, reflecting
their electron energy spectrum difference. T/D is also correlated to
the ratio between the D values measured with time windows of 40 ns
and 400 ns. In brief, when the number of detected photons per eventis
high, the D measured at At =40 ns (D,,) is almost similar to D measured
at At=400 ns(D,,,), since the probability to detect two photons within
40 nsis already high. Both measurements, T/D and D,,,/D,,, provide
insight on the electron mean energy of the radionuclides and can be
used for radionuclide identification. This is demonstrated in Fig. 4e
that shows T/D as a function of the D,,,/D,, ratio for the two gases
measured. One clearly distinguishes two clouds of points that are very
localized, in blue for %Kr, and in yellow for H. This graph encompasses
all the measurement points, regardless of the injected activity. This
presentation offers the capability of identifying the radionuclides.
Furthermore, Fig. 4e represents D,,,, indicating the activity, asafunc-
tion of the D,oo/D,, ratio. In a similar way, events from *Kr appear on
averticalline at D,,,/D,, values close to1while events from*H appear
onavertical line around 2.8. This measurement map thus provides a
dualindication: the nature of the gas and its activity in the measure-
ment system. Note that, in this second case, a sensor with only two
PMTs is sufficient to obtain this analysis, which is therefore compact
and easily deployable. Moreover, this outcome allows us to propose a
new concept to analyse krypton—*H mixtures that we tested with two
different mixtures, labelled mix 1and mix 2, containing respectively
3.2Bqcm@of ¥Kr + 41.7 Bqcm > of *Hand 15.0 Bq cm™ of ¥Kr + 41.7 Bq
cm™of *H (Fig. 4g). The standard uncertainties of activities are 3%. The
values of D,oand D,,, are presented in Fig. 4g for both mixtures and can
be plotted in Fig. 4f where all the measurement points are considered.
The two mixtures are clearly distinguishable, demonstrating the abil-
ity toidentify purity of the gas as well as different mixtures. Asseenin
Fig.4e, theratioD,,,/D,, for each pure gasis known. Considering that
each measurement point corresponds to an average over 100 s, it is
thus possible to extract the contribution to D,,, for each gas. We then
deduce the evolution of the respective activities of both gases while

they are mixed in the case of the two tested mixtures as presented in
Fig. 4h,i. We found for mix12.9 Bq cm™ of %*Kr and 44.2 Bq cm™ of °H
and for mix 211.4 Bq cm™ of ¥Kr and 43.2 Bq cm™ of *H, which are in
very good agreement with the real activities injected in the porous
scintillator.

Conclusion

This study demonstrates the feasibility of utilizing a nanostructured
scintillator material with alarge specificareatointroduce aradically
novel strategy for direct and real-time detection of radioactive gases.
These measurements are crucial for the monitoring of nuclear activi-
ties acrossthe globe and will benefit many future technologiesinthe
field of nuclear energy. We have successfully developed a compact
detector with real-time analysis capabilities (response time below
100 s), enabling the analysis of critical pure beta-emitting elements
such as ¥Krand *Hwith asensitivity below 0.1 Bq per cm®. This repre-
sentsanimportant breakthroughinthe field of radioactivity measure-
ment. 3Kr and *H are two elements of the utmost importance in the
field of nuclear energy production, since *H is an element naturally
present in a power plant, and the abnormal presence of %°Kr reveals
amalfunction of the nuclear power plant. This method not only ena-
bles theinline measurement at high detection sensitivity of pure beta
emitters using a non-polluting and non-destructive technique but
also facilitates the inline separation of pure beta emitters through
a technique combining both temporal and yield properties. This
important achievement has never been accomplished before in the
field of scintillation, as it was impossible with existing materials and
conventional measurement techniques. To our knowledge, this is
amajor advancement in the field, which could greatly enhance the
monitoring and control of current and future generations of nuclear
reactors. Our innovative concept effectively addresses the growing
demands of monitoring and controlling civil nuclear activities. This
advancement paves the way for future developments in refining radio-
activity metrology methods, enhancing standardization and exploring
porous scintillating materials.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-024-01507-x.
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Methods

Sample preparation

YAG:Ce nanoparticles were prepared by glycothermal synthe-
sis (300 °C, 2 h) taking care to control the solvent composition
(1,4-butanediol and diethylene glycolina17:3 ratio) and to dehydrate
the commercial rare earth salts (yttrium and cerium acetates)™. Dis-
tilled aluminium isopropoxide was used as the aluminium precur-
sor. The nanoparticles were extracted from the reaction medium by
successive precipitations with an acetone/diethyl ether mixture and
centrifugations. As aerogel preparation requires several grams of
nanocrystal, the synthesis method was scaled up to 40 g per batchin
a3 Lreactor. The phase purity was checked by X-ray diffraction (XRD)
(Supplementary Fig. 2) and energy-dispersive X-ray spectroscopy.
Particle size distribution measured by dynamic light scattering resulted
in a mean particle size of 4.3 nm with a standard deviation of 1.3 nm
(Supplementary Fig. 3). The presence of acetate ligands on the parti-
cle surface was confirmed by infrared spectroscopy (Supplementary
Fig. 4). These ligands were subsequently removed by acid washing.
The purified bare nanocrystals were dispersed in water to prepare
a colloidal solution with a high solid content (40% by weight). The
particles exhibit a zeta potential greater than 40 mV in the acidic pH
range (Supplementary Fig. 5).

Simulations

Toaccurately simulate the energy absorption of abeta emitter within
amaterial or gas, we use the Monte Carlo PENELOPE 2018 code*. This
codeis proficientin simulating the transport of lower-energy electrons,
reaching down to approximately 250 eV within a material. It stands as
the gold standardin terms of modelling low-energy electron transport,
thanks toits highly detailed physical model. Notably, avaluable feature
ofthis codeisits ability to directly input the beta spectraemitted by a
radionuclide, whichis calculated using BetaShape 2.2 (ref. 13). Within
the code, we define the material or gas based onits atomic composition
and tailorits shape to suit our specific requirements.

To simulate the evolution of the T/D ratio as a function of the
coincidence time window, a homemade Python programme using
the Monte Carlo method was implemented. The scintillation decay
measured under X excitation represents the probability law of pho-
ton emission following the excitation. Using this probability law, 10°
scintillation events were simulated to obtain photon arrival times per
event. The distribution of the time difference between the first two
photons for situations where the scintillation event produces strictly
m=2,3,4... photons can thus be constructed (Supplementary Fig. 1).
Simulations have been performed with m up to m = 50. The distribution
ofthe time difference between the first and third photons can likewise
bereconstructed withm=3,4,5.... Considering a Poissonian distribu-
tion of the various m centred on a 1y, value as a free parameter, the
temporal evolution of T/D as afunction of the coincidence time window
canbefitted (Fig. 3f).

Experimental details for aerogel characterizations

The XRD pattern of cerium-doped YAG nanoparticles was measured
using a Malvern Panalytical Empyrean X-ray diffractometer (Cu Ko
radiation at 0.154184 nm) equipped with aNifilter and a PIXcel3D detec-
tor. The data were collected over arange of 10°to 70° (26), withascan
speed of 0.5° min™ and a step width of 0.02° (Supplementary Fig. 2).
Particle size and zeta potential of particlesin aqueous suspension were
determined by dynamic and electrophoretic light scattering using
a Litesizer 500 (Anton Paar). In addition to the distribution of these
variables, their variation as a function of pH was determined using an
automated dosing system (867 pH Module, Metrohm) (Supplementary
Figs.3and>5).Fourier transforminfrared (FTIR) analysis of the samples
was performed using a PerkinElmer Spectrum 100 FTIR spectropho-
tometer equipped withan attenuated total reflectance sample chamber
(Supplementary Fig.3).N, adsorptionisotherms at 77 Kwere collected

up tolbarusingaBelsorp-Max apparatus. The samples were prepared
as follows: 50 mg of aerogel was degassed overnight at 120 °C under
high vacuum (0.1 mbar), to remove adsorbed water. Low-temperature
(77 K) nitrogen adsorptionisotherms were fitted using the BET model,
and surface areas were calculated in the range of 0.04 to 0.3 P/P,.Pore
size distributions were estimated according to the Dollimore and Heal
model, relevant for mesoporous materials. TEM analyses were carried
outusingaJEOLJEM 2100F transmission electron microscope operat-
ingat 200 kV and equipped with a Gatan Ultrascan 1000 CCD camera
and an Oxford X-Max 80 mm? EDS spectrometer. The TEM samples
were prepared by depositing highly diluted nanoparticles on 300 mesh
copper grids coated with an ultrathin carbon film.

Time-resolved emission spectra under X-ray excitation were
obtained using a pulsed laser DeltaDiode-405L from Horiba emitting
at405 nmhitting the photocathode of an X-ray tube from Hamamatsu
(N5084) set at 35 kV. Emitted light was collected using a monochroma-
tor from Andor (Kymera193i) withagrating of 300 lines per mm. Detec-
tionis performed using a hybrid photomultiplier tube (HPM100-40c)
from Becker & Hickl GmbH. Time-resolved analysisis performed using
amultichannel counter MCS6A from Fast ComTec (0.8 ns per channel).
A custom software drives the monochromator and records the decay
time for eachwavelength. The reconstruction of the time-gated emis-
sionspectraas well as the wavelength resolved scintillation decay time
are performed offline. For decay time measured under optical excita-
tion, a DeltaDiode-440L from Horiba emitting at 440 nmreplaced the
X-ray source.

The TDCR method

The TDCRiswidely used by national metrology institutes as a primary
measurement technique for the standardization of pure beta emitters
by liquid scintillation in radionuclide metrology*. The principle of this
technique involves determining the light yield of a liquid scintillator
by minimizing the theoretical detection efficiency equation, whichis
based on Poisson distribution and the Birks model*, using the experi-
mental values of triple and double coincidences. The application of
the method requires the use of a specialized counter with three PMTs
andelectronicsthatisabletorecordthetriple (T) and double (AB, BC,
AC) coincidence counting rates. A logical sum of the double coinci-
dences (D) channel canbe defined as the logical or of the three double
channels. Under the assumption of three identical PMTs, for a given
radionuclide pure beta emitter with emission spectra S(E), the ratio
of the detection efficiency in the T channel to that in the D channel is*

Ermax
/ SE)Y1— e EBY dE
fr_ 0 ()]

€ Fax
f S(E) [3(1 _ e-ﬁ(f)/s)Z _21- e—ﬁ(E)/3)3] dE
0

where 7 is the average number of photons detected for effective
energy E deposited in the cocktail and is the same parameter defined
inequation (3):

n(E) = QL(E), (2)

where @isthe free parameter and L(E) is the Birks semi-empirical ioni-
zation quenching formula, whichis the most widely used equation for
describing the non-linearity of organic scintillators. This formula
relates the light output of the scintillator, denoted as L, to the deposited
energy F, and itis defined by

E

1 dE
LE)==> | ——— .
E)=F / o T+ KB(E/dx) 3)
For alarge number of detected events, the ratio of the T to D coin-
cidences tends towards the ratio of the detection efficiencies or
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T/D = /€, The free parameter ¢ can then be obtained by minimiz-
ing the squared difference between the two ratios. In the case of
non-identical PMTs, a set of three equations must be used, including
the relative efficiencies of the three PMTs. The equations are used to
optimize the three free parameters of the system: @, = £,¢, @5 = £,¢
and @ =¢£.@.

Inthis document, we utilize TDCR both as ascintillation yield indi-
cator and asanovelapproachto process the results when dealing with
the demixing of mixed beta emitters measured with porous materials.

Radioactive gas exposure experiments

Exposure tests involving radioactive gases are conducted at the
National Radioactivity Metrology Laboratory in France using the test
bench described in Sabot et al.?®. This specialized set-up enables the
controlled creation of radioactive gas atmospheres using primary
standards of radioactive gas with high activity. In this study, we used
predetermined quantities of various radioactive gases, creating dilu-
tions in dry, filtered air, which ensured the absence of moisture and
aerosols. These gas atmospheres, characterized by precisely known
volume activities, were circulated through porous scintillator samples
enclosed in glass vials. The exposure of the samples followed distinct
experimental steps, as outlined below:

 background evaluation: circulation of clean air without
additional radioactivity,

« introduction of either krypton (¥Kr), *H or a mixture sample into
the vial containing the scintillator circulation of radioactive gas
at0.71min”, and

« circulation of clean air through the device to eliminate the
radioactive gas.

During these exposures, the light photons emitted by the scintilla-
tor were continuously and directly measured using reference detec-
tion instrumentation designed for the flow of radioactive gas. This
instrumentation corresponds to a measurement device based on the
TDCR method. In this case, we utilized the recently developed port-
able device from the laboratory*, renowned for its exceptional sen-
sitivity and performance. During each exposure in the closed loop
to aradioactive gas, the three PMTs record pulses with dedicated
extendable dead-time electronics already validated at the metrology
lab*. Each measurement lasts for 100 s to monitor the evolution
of coincidence counting (AB, BC, AC, T and D) for two coincidence
window durations of 40 nsand 400 ns. Tracking D enables us to obtain
the detection efficiency of the device as a function of the injected
activity, and tracking T/D provides us with information regarding
detection efficiency.

Data availability
The data that support the plots within this paper and the Supplemen-
tary Information are available in figshare data repository.
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