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ARTICLE INFO ABSTRACT

Keywords: The operation and decommissioning of nuclear facilities, including fusion devices and advanced
Deuterium fission reactors, lead to the production of tritium, which can migrate through materials and
Dismantling be released into the environment. During maintenance and dismantling activities, tritium can
Aerosol become trapped in metallic or cement dusts that can be released as aerosols, raising significant
?i:{i}: safety and environmental concerns. Measuring tritium in particles remains challenging, as
Particle conventional analytical techniques require sampling and are not suitable for real-time monitor-

ing. Laser-Induced Breakdown Spectroscopy (LIBS) offers a promising alternative by enabling
direct, in situ, and real-time quantitative chemical analysis of aerosols. However, hydrogen
isotope detection by LIBS is particularly demanding due to high excitation energy requirements,
small isotopic shifts, matrix interferences, and plasma non-equilibrium effects. To address these
topics, this work investigates the feasibility of detecting hydrogen isotopes embedded in cement
aerosols representative of decommissioning scenarios using a calibration-free LIBS approach.
Deuterium is used as a non-radioactive surrogate for tritium. The cement aerosol exhibits a
median aerodynamic diameter of 5pm and a mass concentration of (178 +21) mg/m?. Under
these conditions, statistical analysis indicates that a maximum of approximately 3 particles are
vaporized per 100-shot acquisition. Despite this extremely low sampled mass, the deuterium
signal is reliably identified and modeled, yielding a mean D/H atomic ratio of ~ 0.26, with
values ranging from ~ 0.14 to ~ 0.33 across acquisitions. These results demonstrate that CF-
LIBS can provide quantitative isotopic information in a regime dominated by discrete particle
sampling and low signal-to-background ratios, opening perspectives for real-time monitoring of
tritiated aerosols in nuclear decommissioning environments.

1. Introduction

The operation of nuclear power plants and fusion devices generates tritium under high-temperature conditions (Grisolia et al.,
2019). Because of its high mobility, tritium can permeate through confinement materials and potentially be released into the
environment (Kim et al., 2021). In fusion facilities, tritiated metallic dusts are produced during normal operation, maintenance,
and especially during dismantling and decommissioning (D&D) activities (Ashikawa et al., 2020; Bernard, Sakamoto, et al., 2019).
Similar issues arise in fission plant D&D where tritium trapped in concrete or other structural materials can be released in the
form of fine airborne dust (Vankrunkelsven et al., 2025). Such tritiated aerosols, including steel and cement particles, raise
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safety and environmental concerns due to their potential contamination (Slomberg et al., 2024). Tritium monitoring in these
contexts is essential, both to assess the contamination level of materials and to evaluate the efficiency of detritiation or trapping
technologies. However, measurement of tritium is challenging, especially when it is embedded in particulate matter, which can
lead to an underestimation of the tritium source term (Bernard, Jambon, et al., 2019). Conventional measurement methods for
tritium trapped in solids include liquid scintillation counting (El-Kharbachi et al., 2014; Sharpe et al., 2019), calorimetry technique
(Bukki-Deme et al., 2013), autoradiography (Otsuka et al., 2018) and f-ray induced X-ray spectrometry (BIXS) (Matsuyama &
Abe, 2016). In particular, liquid scintillation counting involves aerosol collection, sample preparation and dissolution prior to
radiometric analysis, resulting in lengthy and labor-intensive procedures. These procedures become particularly challenging for
heterogeneous aerosols containing micrometric or metallic particles, which may be difficult to dissolve. For example, Peillon et al.
(2020) reported a 4 days dissolution time for tritiated tungsten micrometer particles. Similarly, autoradiography requires aerosol
sampling, sample conditioning, exposure and image processing steps, making both techniques poorly suited for rapid monitoring
of airborne radioactive particles. In practice, radioactive aerosol monitoring is mainly based on indirect techniques, such as air
filtration followed by offline analysis, or on instruments measuring general aerosol properties (aerodynamic, electrical, optical, or
radioactive), which generally lack chemical speciation (Vasilatou et al., 2025). Real-time aerosol measurement techniques capable
of providing isotopic and chemical composition remain scarce, especially for refractory or insoluble particles.

Laser-Induced Breakdown Spectroscopy (LIBS) offers significant advantages for such applications, as it enables direct, in situ, and
real-time chemical analysis of aerosols without the need for sample collection (Hahn & Lunden, 2000). LIBS has been successfully
applied to the analysis of airborne metallic and oxide particles, both directly in the aerosol phase (Gallou et al., 2011) and indirectly
after collection on filters (Marina-Montes et al., 2021). However, LIBS analysis of aerosols remains challenging because only a
small fraction of laser-induced plasmas effectively interact with particles, especially under dilute aerosol conditions. Research
efforts have therefore focused on improving particle sampling efficiency through various strategies. Tailored injector-extractor
geometries and controlled gas flows have been shown to increase the probability of particle-plasma interactions (Lee et al., 2017).
The electrostatic and electrodynamic concentration of charged particles has also been explored to allow single-particle analysis
under dilute conditions (Diwakar et al., 2012). On the data-processing side, conditional analysis methods, in which only spectra
corresponding to successful particle-plasma interactions are retained, have been shown to substantially improve the sensitivity
of analytes (Diaz & Hahn, 2021). High-repetition-rate LIBS combined with two-dimensional spectral correlation analysis has also
enabled quasi-continuous monitoring of submicrometric aerosols by significantly increasing the number of detected particle events
(Xue et al., 2024). More recently, multimodal strategies combining optical emission and acoustic signatures have been proposed
to improve the robustness of LIBS measurements in complex aerosol environments, and machine learning approaches have further
demonstrated their ability to enhance the analytical power of such systems (Favre, Abad, et al., 2025; Liu et al., 2026; Ye et al.,
2026). Direct LIBS analysis often yields lower detection limits than filter-based methods, considering that the efficiency of particle
vaporization can be a limiting factor. Indeed, careful control of experimental conditions such as surrounding gas composition, laser
focusing, and spectral acquisition strategy is critical for reliable quantification (Boudhib et al., 2016; Hu et al., 2022). In this context,
the use of Calibration-Free LIBS (CF-LIBS) is of particular interest for complex matrices such as cement dust, where suitable reference
materials are often unavailable (Favre, Bultel, et al., 2025). However, hydrogen isotope detection by LIBS faces a set of specific and
interrelated challenges:

High excitation energy requirement The commonly used Balmer « transitions (H, = 656.28 nm, D, = 656.11 nm) require upper-
level excitation energies > 12 eV, demanding plasma electron temperatures of the order of 10* K or higher (Parigger et al.,
2015).

Small isotopic shift The spectral separation between the H, and D, lines is only ~ 0.17 nm. Resolving these peaks requires high-
resolution spectrometers (< 0.05 nm) and minimal Stark broadening, which is difficult at atmospheric pressure where
collisional effects induce overlapping (Konjevi¢ et al., 2012; Paris et al., 2017).

Matrix line interference Emission from matrix elements (e.g., tungsten in fusion debris (Almaviva et al., 2021; Roldan et al.,
2021) or calcium and iron in cement (Burger & Hermann, 2016)) can overlap with hydrogen isotope lines, requiring robust
deconvolution procedures.

LTE assumption sensitivity CF-LIBS relies on Local Thermodynamic Equilibrium (LTE) to relate emission intensities to species
concentrations. Hydrogen lines can deviate from LTE in transient plasmas, and errors in electron temperature or density
estimation, derived from matrix element lines, can significantly bias hydrogen isotope quantification (Cristoforetti et al.,
2010).

Self-absorption and environmental effects Balmer lines may be self-absorbed in dense plasmas, leading to underestimated concen-
trations (Sherbini et al., 2012). In addition, ambient humidity or adsorbed water can contribute to hydrogen signals and
distorting H/D/T ratios (D’Ulivo et al., 2006; Paris et al., 2017).

Sampling variability in aerosols For airborne particles, each laser shot samples a different ensemble of particles, introducing
statistical approach. This variability is exacerbated when the isotope of interest is present in trace amounts or is unevenly
distributed within particles (Hahn & Lunden, 2000). In addition, heterogeneous particle laser ablation can lead to fluctuating
plasma temperatures, which directly impact CF-LIBS quantification (Gallou et al., 2011).

Previous studies have shown that isotopic discrimination between hydrogen and deuterium can be achieved by LIBS under reduced
pressure conditions, although spectral deconvolution is often required to resolve overlapping emission features (Favre et al., 2024).
However, the direct detection of tritium remains challenging due to its radioactivity, which restricts experimental investigations
and motivates the use of deuterium as a nonradioactive surrogate.
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In this context, the present work investigates the feasibility of detecting deuterium incorporated into cement particles produced
during cutting operations representative of decommissioning and dismantling (D&D) scenarios (Vankrunkelsven et al., 2025). By
employing calibration-free LIBS (CF-LIBS), the objective is to demonstrate the capability for direct determination of the chemical
composition of airborne decommissioning dust, with particular emphasis on addressing the analytical challenges associated with
hydrogen isotope detection.

2. Experimental system and methodology
2.1. Technical constraints of LIBS on aerosols

Focusing an ultrashort (ns/ps) laser pulse of few mJ leads to irradiance levels high enough to induce avalanche ionization through
electron cascade. The irradiance thresholds ¢, required for plasma formation varies with the density of the medium in which the
laser pulse is focused. Typical values range from ~ 101 W m~2 to ~ 10'® W m~2. The plasma thus generated is a transient object
with a lifetime z, ~ 10 ps, characterized by steep temporal dynamics in volume V,, (few pm? to some mm?), in electron density n,
(~ 10 m=3 to ~ 10*° m~3) and in temperature 7 (~ 10° K to some 10 K) resulting in strong gradients formation. Laser-induced
breakdown spectroscopy analysis consists in performing optical emission spectroscopy on this laser-induced plasma. Depending on
the focusing conditions, the surrounding environment and the observation delay, it is possible to quantify multiple elements present
in the plasma.

In aerosol LIBS, the elements of interest are present in extremely small quantities within the plasma volume. At the macroscopic
scale, the particles nearly do not affect ambient absorptivity. Spectroscopically, the plasma is overwhelmingly composed of atoms
and ions from the ambient gas, with the radiative signature of suspended particles appearing only as trace emission lines. Accurate
quantification relies on a stoichiometric relationship between the particles initially present in the plasma and those responsible
for the observed emission. This requires complete sublimation of the particles in the focusing volume. This can be achieved by
maximizing the specific energy delivered to each particle by utilizing high-energy pulses and by increasing the ionization threshold
of the carrier gas to maximize energy transfer to the solid particles before gas breakdown occurs. Concerning diatomic carrier gas,
nitrogen for instance, the process would be similar but the laser irradiance should be higher since a part of the laser energy would
be devoted to N, dissociation. The choice of helium (monoatomic gas with the highest ionization potential of the periodic table) as
carrier gas is motivated by these considerations.

From a technical point of view, operating with high-energy pulses in helium imposes specific requirements on the optical path,
which must be optimized to high laser flux. The purity of helium is also important: impurities, especially metallic or oxide traces,
can significantly reduce the breakdown threshold, altering the plasma formation dynamics.

In this study, the objective is to detect and quantify deuterium, used here as a surrogate of tritium, trapped in aerosol particles.
Deuterium was selected as a non-radioactive surrogate for tritium to enable the development and validation of the CF-LIBS
methodology under laboratory conditions without the constraints associated with radioactive materials. Although isotope effects may
affect some transport or exchange processes in cementitious materials, deuterium and tritium share the same electronic structure
and are incorporated into hydrated cement phases through similar chemical mechanisms. Their Balmer emission lines originate
from identical atomic transitions and differ only by an isotopic wavelength shift resulting from the difference in nuclear mass.
Consequently, the spectral discrimination strategy developed here for H/D mixtures is expected to be transferable to H/T systems.
The objective of the present work is therefore not to reproduce the complete physicochemical behavior of tritium in cement aerosols,
but rather to demonstrate the feasibility of CF-LIBS for the detection and quantification of hydrogen isotopes embedded in airborne
cement particles. In the presence of hydrogen, the small isotopic shift makes spectral discrimination between H and D/T particularly
challenging. It is therefore critical to minimize hydrogen contamination in the analysis chamber by controlling residual humidity
and avoiding hydrogen-bearing impurities in the gas supply. Only under these conditions can the extremely unfavorable theoretical
detectability thresholds for deuterium/tritium be approached, making its observation practically achievable.

2.2. Aerosol dedicated LIBS device

The dedicated aerosol LIBS device designed for this study is described in Fig. 1. The data related to this platform is gathered
in Table 1. For laser safety reasons, the entire platform is equipped with an interlocked protective cover that is opaque to infrared
laser pulses.

The optical laser path is detailed in Fig. 1(a) along the laser beam propagation axis indicated in green. An optical shutter (OS)
synchronized with the laser source allows the desired number of pulses to be controlled and the laser breakdown frequency in the
aerosol flow to be modified. Rotating a half-wave plate (HWP) coupled to a polarizing beam splitter (PBS) allows the average laser
energy transmitted to the analysis system to be modified. The coupling of diverging and converging lenses is used as beam expander
(BE) in order to optimize the focusing. This beam with increased diameter (expansion factor of y depending of focal distances of
used lenses) is shown in bold and propagates through a high-pass dichroic mirror (DM) whose spectral transmittance is close to
unity at 1064 nm. The diameter extended beam is then focused using a plano-convex lense treated for high-flux YAG laser pulses
(YAG PCL) through a high-flux window (YAG W) into the inter-nozzle space located in the middle of the LIBS analysis chamber (the
aerosol path is indicated by a vertical blue arrow). In our operating conditions, the mean waist values are ¢; ~ 107 W m~2 and
F, ~ 10* J em™2 for irradiance and fluence, respectively. The spot diameter is designed to be negligible compared to inter-nozzle
distance 5. The Rayleigh distance is comparable to aerosol flow diameter in order to ensure an homogeneous energy deposition.
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Table 1
Characteristics of the aerosol LIBS platform.
Item (Accronym) Data Symbol Value
QUANTEL Briant B Pulse wavelength Ar 1064 nm
Energy E; 200 mJ
Pulse duration T 6.0 ns
Repetition rate vy 10 Hz
Quality factor M? 3.0
Pulse-to-pulse stability AE, /E, <0.1 %
Output beam diameter d; 9 mm
Beam expander (BE) Expansion factor y 2
Focusing lens (YAG PCL) f 100 mm
Aerosol flow nozzles Inter-nozzles distance Sn 1< 6y(mm) < 12
Aryelle Butterfly Focal length [ 400 mm
Echelle spectrometer Aperture f/10
Slit width 50 pm
Optical fiber bundle diameter 600 pm
Lorentzian apparatus FWHM? at 700 nm 0.04 nm
Spectral resolution at 700 nm AJAA ~ 35 000
Andor iStar DH334T camera Pixel size 13 x 13 pm?
Quantum efficiency at 700 nm ~5 %
Palas Welas 2100 Aerosol spectrometer 0.6 —40 pm
Max concentration up to 10° P cm™3
Bronkhorst EL-Flow Mass Flow Controller MFC 0.16 —8 L min~!
Vortex Shaker VS-1000 Powder disperser 0.05 — 50 pm
Volumetric flow rate 1-5L min™!

2 Full Width at Half Maximum.

The C22 alloy used for the LIBS chamber allows acid rinsing in the event of tritiated particle deposits. Downstream from the focal
point, the laser energy at the chamber outlet is transmitted by a second DM towards a beam dump (BD) and a fast camera to monitor
the inter-nozzle alignment. The laser-induced plasma radiates in all directions (4z sr). The geometry of the chamber only allows this
emission to be exploited in the two directions indicated in red. The plasma radiation is retro-collected and reflected by the first DM
in order to be focused towards a bundle of optical fibers connected to a spectroscopic acquisition device. The height of the chamber
can be adjusted using a dedicated stand and its position can be adjusted using micro-controlled stages. This technical choice makes
it possible to secure all the optical axes together and thus perform a single adjustment in order to avoid any laser damage to the
nozzles. Once the aerosol flow is operational, no adjustment is possible and no visual inspection is possible perpendicular to the
laser optical axis.

Concerning the aerosol flow axis, details are given in Fig. 1(b). Pure bottled helium is used and is first sent to a filtration and
drying unit and then to a pressure regulator set at 1 bar. The gas then passes through a flow splitter which distributes it to two
Bronkhorst EL-FLOW mass flow controller (MFCs) factory-calibrated for helium in the range of 0.16 — 8 L min~!. The first MFC
supplies the Vortex Shaker (powder disperser device, patent EP2794117B1 by Roynette and Gensdarmes 2012) with a constant
flow rate Q,. The second MFC supplies the aerosol injection nozzle with annular flushing gas Q,. The particles resuspended in the
Vortex Shaker are drawn towards the injection nozzle, which is installed in the LIBS chamber perpendicular to the laser beam path.
The aerosol passes through the chamber and is collected by a collection nozzle with an inlet diameter of 4 mm. The aerosol is then
transported to a Palas Welas 2100 optical counter which measures the concentration and particle number distribution of the aerosol.
At the device’s outlet, a collection filter (47 mm diameter) is weighed before and after each experiment to determine the average
mass concentration of the aerosol during each test.

After numerous empirical tests, a standardized particle resuspension protocol ensuring a consistent and steady particle concen-
tration in the inter-nozzle volume has been identified. The best results (controlled LIBS diagnostic with minimal mass fluctuations
in the plasma volume) are obtained with the following steps:

+ the Vortex Shaker bucket is filled with a mass m, of particles to be resuspended and a mass 3m, of bronze particles
(ds ~ 150 pm) used as mechanical mixers,

+ the mechanical agitation frequency is set,

« the total carrier gas flow Q, = Q, + Q, is linearly increased using the calibrated MFCs,

» when QO = Q,, a characteristic time 7, to approach aerosol flow steady state is observed before starting the LIBS diagnostic.

This experimental protocol is used for every experimental results presented in this paper.
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(a) Laser path (horizontal green arrow). The beam from the laser source (in green) is extended by a beam expander, passes
through a dichroic mirror and is focused by a YAG plano-convex lens in the inter-nozzle space of the LIBS chamber. The
laser-induced plasma (in yellow) emits its light (in red). A part of this light is reflected and focused to an optical fiber bundle
towards the spectrometer for analysis.
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(b) Aerosol path (horizontal blue arrow). Helium gas passes through a flow splitter which distributes it to two mass flow controller (MFCs)
factory-calibrated for helium. The first MFC supplies the Vortex Shaker with a constant flow rate Q,. The second MFC supplies the aerosol
injection nozzle with annular flushing gas Q,. The particles suspended in the Vortex Shaker are then drawn towards the injection nozzle, which
is installed in the LIBS chamber perpendicular to the laser beam path. The aerosol passes through the chamber and is collected by another nozzle
sending the aerosol to a Palas Welas 2100 optical counter for analysis.

Fig. 1. Schematic view of the aerosol LIBS platform.

2.3. Plasma geometry, particles transport and laser interaction

The plasma geometry is considered as cylindrical as depicted on Fig. 2a. The coaxial plasma dimension ¢, is evaluated from
the length ¢, = Az estimated from Gaussian irradiance calculations predicting ¢;(z € [—%,%]) > @y With @ g,
the irradiance threshold of helium. For infrared nanosecond laser pulses, the helium breakdown threshold is considered to be
PinHe = 5 X 10" W m~2 according to the works of Evans and Gamal (1980), Morgan et al. (1971) and Turcu et al. (1997). As
a result in our focusing conditions, the corresponding value of £, is close to 4 mm. The value of ¢, is then spectroscopically
adjusted using an iterative method to estimate ¢,. In our case, the correction between ¢, and #, allowing satisfactory emission
spectra simulations does not exceed 40% for early plasma expansion. The mean plasma diameter (radial plasma dimension) can be
directly measured using co-axial imaging allowing the evaluation of the plasma volume V.

In order to maximize the aerosol concentration in the plasma volume, a specific injection nozzle incorporating an annular flow
promoting the guidance and therefore the rectilinear path of the resuspended particles was designed based on previous work (Lee
et al., 2017; Park et al., 2009). This system, coupled with a collection nozzle, makes it possible to significantly limit the formation
of turbulence which could lead to the deposition of particles on the windows. In order to simplify the protocol leading to the
steady state aerosol flow regime, a computational fluid dynamics (CFD) investigation (not exposed here) helped to determine the
minimal aerosol flow rate Q,, ,;, allowing to operate without annular sheath flow. These numerical simulations were performed for
both polydisperse and monodisperse aerosol distributions, showing no significant variation in the inter-nozzle average velocity. CFD
simulations representative of the physical situation are presented in Fig. 2b considering a monodisperse aerosol with a geometric
median diameter of the particles transported in helium set to 5 pm. These calculations are carried out in Lagrangian using a total
helium flow rate of Q, = Q, + Q,, with Q, =4 L min~! > Q,,,,,;, the aerosol flow rate and Q; = 0 L min~! the annular sheath flow
rate (not necessary in this flow configuration). We note that the geometry of the injection nozzle (upper part of the illustrations in



A. Fayre et al. Journal of Aerosol Science 198 (2026) 106880

9100 . Alumina 100 Cem_ent
80t 8of
P Aerosol  FlE s
g. eroso| S I : I I /
. £ r L)
g 3 I .
2 S 40 401/
g fud B r
= o- C B
-y 20} 20}

0 0
0 5 10152025 01 2 3 45 6
Number of hit particles per 100 shots

Fig. 2. a: Plasma geometry within the inter-nozzle space in which aerosol flows.
b: Lagrangian CFD simulations of the transport of the aerosol: average inter-nozzle velocity projection ~80 m s~!.
c: Poisson sampling probability for Al,0; (left) and cement (right).

Fig. 2b) ensures a rectilinear trajectory of the aerosol flow towards the collection nozzle. In the context of these simulations, the
chamber geometry corresponds to the LIBS experimental setup. The laser optical axis is therefore represented by a cylinder with
a diameter of 14 mm and a length of 90 mm, oriented perpendicular to the aerosol flow axis. The internal chamber volume is
sufficiently large to prevent wall effects (near-zero average velocity outside the inter-nozzle region). As for experiments, the inter-
nozzle distance is set to 5, = 10 mm. Experimentally, this distance can still be reasonably reduced while avoiding plasma-nozzle
contact since the plasma diameter is smaller than 2 mm in our focusing conditions. The inter-nozzle velocity field presents satisfactory
uniformity with an average inter-nozzle flow velocity of ~80 m s~! and an average particle concentration of some 107 particle m~3
(particles are assumed to be monodisperse and spherical) into a ~ 100 pm wide particles jet. Considering this physical situation,
both characteristic plasma lifetime 7z, = 10 ps and average particle residence time in the inter-nozzle space (~ 10z,) are negligible
compared to inter-pulse delay (100 ms). This prevents any multiple laser-matter interaction for a given particle probed.

In terms of monitoring laser-particle interaction, the monodisperse approach cannot be considered. In fact, due to the finite
volume of LIBS plasma and the discrete nature of the particles constituting the aerosol, a complex sampling problem arises (Diwakar
et al., 2012). For each plasma event, the sampling volume is considered unchanged. This assumption is reasonable since the aerosol
LIBS analysis is operated in steady state flow with a satisfactory pulse-to-pulse energy stability. This technique was developed and
discussed in detail in previous work by Hahn (1998). In particular, discrete aerosol sampling by LIBS can be modeled using Poisson
statistics where

n

G
p=5 €)

is the probability of sampling n particles in a given plasma volume. In Eq. (1), » is an integer and u is the average number of
particles per plasma volume, namely,

u=C,xV, 2

easily calculated as the product of the particle number per unit volume of gas, C,, and the effective plasma sampling volume, V,,.
The particle volume concentration in the inter-nozzle volume is obtained by dividing the particle flux by the volume swept by the
particles each second, multiplied by the particle velocity in the inter-nozzle volume. Considering that the particle jet is contained
within a cylinder whose diameter is equivalent to the diameter of the injection nozzle (1 mm), then in our conditions C, ~ 107 m3.
Thus, we find that the average number of particles concentration per plasma volume for each laser shot is ~ 1072 particles per
shot. This quantity can also be called the “particle hit rate” or the vaporization/dissociation rate of particles for each laser shot.
When this value is much less than one, it implies a low sampling rate, meaning that a positive spectral signal (including an emission
line from the material constituting the particles) corresponds to a single particle in the plasma volume. The sampling frequency
is then approximated by this quantity (Hahn et al., 1997). The cumulated sampling probabilities as a function of the number of
vaporized particles calculated with Eq. (1) are presented in Fig. 2¢ for Al,0; (left) and cement (right) experiments. For the tests with
alumina particles, we calculated that the average number of particles present in the plasma volume for each laser shot is 0.088 which
translates to a ~ 50 % probability of vaporizing 8.8 particle for every accumulation of 100 shots. For this calculation, the plasma
diameter and length are both set to 2 mm. If we increase its length to 4 mm, it is expected to have a ~ 50 % probability of vaporizing
17.6 particles after a 100 shots accumulation. The same analysis can be performed for the experiments with cement particles. Since
the particle concentration of cement aerosol is almost three times lower than that of alumina, the plasma volume is reduced with
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Fig. 3. Spectroscopic repeatability obtained with Al,0;+He aerosol (Q, = 4 L min~', 7, =2 ps). The low standard deviation demonstrates a
reliable protocol with steady aerosol concentration: plasma parameters (n,, 7) remain stable over an important number of vaporization events.

a plasma diameter of 1.2mm and a length of 2mm or 4 mm. For these two plasma geometries, one finds a ~ 50 % probability of
vaporizing 1.1 or 2.3 particles, respectively. For the cement case with a plasma length of 2mm, it can also be seen that there is a
~ 30 % probability of hitting zero particles even after 100 laser pulses. This probability drops to ~ 10 % when the plasma length
considered is 4 mm. These calculations demonstrate the difficulty of LIBS measurement on aerosols in the study’s configuration by
highlighting the discrete nature of the problem and the spectroscopic sensitivity required to identify traces of hydrogen isotopes
present in the particles. The following paragraphs therefore focus on demonstrating the repeatability of the spectroscopic analysis
as well as the robustness of the results obtained.

2.4. Protocol validation

In this section, we briefly present the preliminary measurements carried out to test the experimental protocol. These tests
are performed with a calibrated alumina powder (DURAMAX SPM102), with a particle aerodynamic median diameter ds, =
(6.12 + 1.57) pm. The particles are resuspended according to the protocol described in Section 2.2. For the test conditions
(0, = Q, = 4 L min™!, 65 = 10 mm), we obtain 7, ~ 10> s. For ¢ > 7,, the average particle concentration in the inter-nozzle
volume measured by the Palas Welas 2100 is ~900 particles s™! and the mass concentration determined by filter weighting is
(1325 + 142) mg m=3.

Spectroscopic repeatability

In addition to aerosol metrology measurements, the emission of laser-induced plasma generated from alumina particles
aerosolized in helium was monitored during two types of measurements:

» The test N°1 consisted in generating the alumina aerosol and performing several acquisitions without interrupting the flow.
This allowed to verify that the aerosol flow does not exhibit any temporal drift in terms of concentration nor particle number.

» The test N°2 involved repeating the resuspension protocol several times and performing one acquisition for each repetition.
This allowed to verify the robustness of the established protocol.

For all of these acquisitions, each resulting from 100 spectral accumulations, we focused in the emission of the atomic oxygen
triplet around 777 nm (see Table 2) by observing the plasma at ¢ p=2ps (with an integration window of 100 ns) in the recombination
dynamics. This triplet is interesting because it allows the monitoring of fluctuations both in n, and T. Indeed, n, is driving triplet
overlapping by Stark broadening and T values govern the density in neutral oxygen. The line ratios of this triplet also allow to
decide on the achievement of the physico-chemical equilibrium of the laser-induced plasma. In fact, the achievement of local
thermodynamic equilibrium is mandatory to perform a CF-LIBS quantification. Self-absorption is here excluded given the very low
quantities of oxygen within the plasma. Tests N°1 and N°2 are presented in Fig. 3 by red and blue dots, respectively. The results
exhibit a satisfactory repeatability on each test meaning that the adopted protocol is reliable with no temporal drift. From a more
general point of view, tests N°1 and N°2 are well correlated allowing to compile statistics to obtain a mean spectrum (black solid
line, used as normalization factor) framed by its standard deviation (in gray).
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Table 2
Spectroscopic data used for Al,O;+He aerosol CF-LIBS diagnostic.
Element ki Ay E, E, & 8 Ref.
(nm) (107 s71) (eV) (eV)
HI 656.28 6.46 10.199 12.087 4 6 Kramida et al. (2025), Mijatovic et al. (2020)
He I 667.81 6.37 21.218 23.074 3 5 Konjevic et al. (2002), Kramida et al. (2025)
Al 1T 704.21 5.78 11.316 13.077 3 5 Cirisan et al. (2014), Kramida et al. (2025)
Al 705.66 5.74 11.316 13.073 3 3 Cirisan et al. (2014), Kramida et al. (2025)
Al Tl 706.36 573 11.316 13.071 3 1 Cirisan et al. (2014), Kramida et al. (2025)
He I 706.52 1.55 20.964 22,718 5 3 Konjevic et al. (2002), Kramida et al. (2025)
He I 728.13 1.83 21.218 22.920 3 1 Konjevic et al. (2002), Kramida et al. (2025)
Al Tl 747.14 5.57 13.649 15.308 5 7 Cirisan et al. (2014), Kramida et al. (2025)
Ol 777.19 3.69 9.146 10.741 5 7 Gosse et al. (2025), Kramida et al. (2025)
Ol 777.42 3.69 9.146 10.740 5 5 Gosse et al. (2025), Kramida et al. (2025)
(o] 777.54 3.69 9.146 10.740 5 3 Gosse et al. (2025), Kramida et al. (2025)
Table 3
Detailed values associated with MERLIN simulations presented in Fig. 4.
1, n, T Z, xa1/%o0 (X1 + X0)/Xpe
(107% s) (102! m~3) (10° K) (1073 m)
1 1.00 10.20 2.50 0.695 ~ 107
2 0.50 9.7 2.75 0.471 ~5x107°
5 0.15 9.3 3.00 0.176 ~2x107°
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Fig. 4. Comparison of experimental spectra (in black) and simulated spectra (in red) over the spectral interval [650, 780] nm at times

t, = 1,2 and 5 ps for an (Al,O;+He) aerosol laser-induced plasma.

CF-LIBS reliability

The studied emission lines used for calculations are listed in Table 2 and the Stark broadening parameters are found in the
references. The electron density n, is measured from the Stark broadening of the H, transition at 656.28 nm. The value obtained
is consolidated by modeling the O I triplet around 777.42 nm. The temperature T is evaluated using the He I/Al II line ratios and
is consolidated by exploiting the He I 667.81 / He I 706.52 and Al I 704.21 / Al II 747.14 line ratios. These two ratios involve
transitions whose upper levels E, differ by several eV, which induces satisfactory temperature sensitivity. Furthermore, the large
difference between the ionization potentials of He, Al and O also induces a satisfactory temperature sensitivity. The mole fractions
x; are thus determined by reconstructing the experimental spectrum using the MERLIN simulation code (Favre, Bultel, et al., 2025).
Considering a mixture (x,;, xg, Xy, Xge), the obtained results are presented in Table 3 and depicted in Fig. 4.

Analyzing Fig. 4, one can notice the presence of ghost lines associated with the Echelle spectrometer used for the acquisition.
These ghost lines do not interfere with the studied physical lines but helium lines appear to be strongly Stark shifted which
complicates the simulation of time integrated spectra. Since the main scope of these simulations is the estimation of x,;/xg, no
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Table 4

Flemental mass composition of the studied deuterated cement (by XRF, approximated to 107).
Species Na Mg Al Si P K
y; (%) 0.0667 0.4240 2.0714 12.5058 0.0421 0.1817
Ay, (%) 0.0291 0.0454 0.0705 0.0848 0.0230 0.0070
Species Ca Ti Mn Fe o H+D
y; (%) 37.0505 0.0896 0.0281 1.7730 20.2940 Balance
Ay; (%) 0.2541 0.0022 0.0003 0.0185 10.8614 -

further investigation has been led regarding He simulation. The mean plasma diameter is observed to be ~ 2 mm giving a plasma
volume V, ~ 10~ m=3. The mixture, considered in the measured thermodynamical conditions, involves a plasma pressure of
~ 107 Pa. The rather low n, values are explained by the high ionization potential of He which is the main plasma element. The
alumina stoichiometric ratio is well described for ¢, < z,. For longer times, dilution effects induce departure from stoichiometry.
Neglecting hydrogen content (x; ~ 107%), the ratios x ALO,/XHe are close to 1075 which is consistent with CFD calculations and well
correlated with the mass concentration value measured by filter weighting.

3. Results and discussion
3.1. Description of cement sample

The deuterated cement sample was manufactured from 300 g of CEM I Portland cement mixed with deuterated water (99%) at a
controlled liquid-to-solid ratio of 0.5. The resulting paste was cast into standardized molds (20.5x2x 8.5 cm?) and cured for 28 days
inside a glove box. To generate aerosols, the cement plate was cut with a grinder inside a dedicated 250 L plexiglas glovebox equipped
with a HEPA-filtered air inlet. The extraction flow rate was maintained at 183 + 5 L/min throughout the experiments. Particle
collection and characterization were then performed using complementary aerosol diagnostics, including an Andersen impactor
(28 L/min) for aerodynamic size distribution measurements, a cyclone for bulk particle collection, and a nephelometer (DustTrak II
8530, TSI) for aerosol mass concentration monitoring. Elemental composition of the sample has been preliminary determined by
XRF (X-ray Fluorescence). The XRF protocol is only sensitive to oxides and does not allow the description of light elements such as
H and D. Thus, among the mass fractions of Table 4, the mass fraction y, corresponds to the contribution deduced (not measured)
from the oxygen contained in the probed oxides. Therefore, y, is an underestimation of oxygen mole fraction contained in the
cement. The complement to these values (1 — Y, y; ~ 25%, called fire loss) thus corresponds to an overestimation of the quantity of
H and D. For CF-LIBS deuterium quantification, this XRF preliminary inventory is used as a variable reduction since only O, H and
D are considered as elements to be spectroscopically quantified.

3.2. Particle size distribution and number concentration

From the solid block of deuterated cement described in Section 3.1, 0.8 g of powder were produced by cutting the solid block
using an angle grinder in a suitable enclosure. The aerodynamic particle size distribution (PSD) obtained by an Andersen impactor
during the particle production phase is depicted in Fig. 5(a). It can be described by a log-normal distribution with a median diameter
of 5 pm and a geometric standard deviation (GSD) of 1.84. Fig. 5(b) presents the temporal monitoring by optical counting with the
Welas 2100 associated with the resuspension by the Vortex Shaker. The average sampling is (324 + 34) particle s~ (red curve
averaged over the yellow indicated abscissa).

Resuspension of this powder following the protocol described in Section 2.2 allows obtaining an aerosol mass concentration of
(178 +21) mg m~3.

3.3. CF-LIBS analysis on deuterated cement aerosols

The low quantity of cement powder generated by cutting did not allow us to operate several preliminary LIBS acquisition
tests. Since then, prior to any aerosol measurement, the emission dynamics of the Balmer-a lines have been studied on bulk
cement. The usual laser-induced plasma recombination dynamics have been observed and is not presented here. Yet, we remind
that the emission of Balmer-a lines are related to electron density n, and LTE temperature 7. For a plasma generated in a high
ionization potential carrier gas (such as He), n, is mainly driven by particles compounds ionization. Generally speaking, n, and
T are coupled such as low electron densities are associated to low LTE temperatures. That being said, if T is too high, this is
inducing a strong ionization of H or D which leads to low H/H* or D/D* ratios. Since protons do not spectrally radiates, high T
involve a diminution of Balmer-a emission. In addition, since high T are associated with high n,, this is inducing strong Stark
broadening and shift preventing quantitative approach. The temporal window selected in the article has been chosen from a
whole bench of empirical tests as the best compromise for the couple (n,, T) to analyze Balmer-a emission. These preliminary
experiments allowed the identification of a satisfactory time integration window favorable to the aerosol phase acquisition. The
acquisition parameters chosen for the aerosol experiment are: 100 accumulations at #, = 6.5 ps with an integration window of
100 ns. Taking into consideration the sampling calculations of Section 2.3 and the particles number measurements of Fig. 5(b),
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Fig. 5. Particle size distribution and number concentration of the deuterated cement powder resuspended with Q, =Q, =4 L min~! of He.

Table 5
Spectroscopic data used for deuterated cement+He aerosol CF-LIBS diagnostic. For cement compounds (in blue), the Stark broadening parameters
are determined according to a polynomial correlation (Fantoni et al., 2017).

Element Ani Ay E; E, & I Ref.

(nm) (107 s71) (eV) (eV)
Fe I 248.33 48.0 0.000 4,991 9 11 Fantoni et al. (2017), Kramida et al. (2025)
PI 253.56 9.50 2.324 7.213 4 4 Fantoni et al. (2017), Kramida et al. (2025)
Mn II 257.51 28.0 0.000 4.811 7 9 Fantoni et al. (2017), Kramida et al. (2025)
Mg I 285.21 49.1 0.000 4.346 1 3 Fantoni et al. (2017), Kramida et al. (2025)
Sil 288.16 21.8 0.781 5.082 5 3 Fantoni et al. (2017), Kramida et al. (2025)
Ti IT 334.94 16.8 0.049 3.749 10 12 Fantoni et al. (2017), Kramida et al. (2025)
Al 1 394.40 4.99 0.000 3.143 2 2 Fantoni et al. (2017), Kramida et al. (2025)
Al 1 396.15 9.85 0.014 3.143 4 2 Fantoni et al. (2017), Kramida et al. (2025)
Cul 510.55 0.20 1.389 3.817 6 4 Fantoni et al. (2017), Kramida et al. (2025)
Cul 515.32 6.00 3.786 6.191 2 4 Fantoni et al. (2017), Kramida et al. (2025)
Cul 521.82 7.50 3.817 6.192 4 6 Fantoni et al. (2017), Kramida et al. (2025)
Na I 588.99 6.16 0.000 2.104 2 4 Fantoni et al. (2017), Kramida et al. (2025)
Na I 589.59 6.14 0.000 2.102 2 2 Fantoni et al. (2017), Kramida et al. (2025)
Cal 643.91 5.30 2.526 4.451 7 9 Fantoni et al. (2017), Kramida et al. (2025)
Cal 646.26 4.70 2.523 4.441 5 7 Fantoni et al. (2017), Kramida et al. (2025)
DI 656.11 6.47 10.202 12.091 4 6 Kramida et al. (2025), Mijatovic et al. (2020)
HI 656.28 6.46 10.199 12.087 4 6 Kramida et al. (2025), Mijatovic et al. (2020)

667.81 6.37 21.218 23.074 3 5 Konjevic et al. (2002), Kramida et al. (2025)
KI 766.50 3.78 0.000 1.617 2 4 Fantoni et al. (2017), Kramida et al. (2025)
KI 769.90 3.73 0.000 1.610 2 2 Fantoni et al. (2017), Kramida et al. (2025)
(o] 777.19 3.69 9.146 10.741 5 7 Gosse et al. (2025), Kramida et al. (2025)
ol 777.42 3.69 9.146 10.740 5 5 Gosse et al. (2025), Kramida et al. (2025)
oI 777.54 3.69 9.146 10.740 5 3 Gosse et al. (2025), Kramida et al. (2025)

these 10-second LIBS accumulations therefore correspond to the vaporization of a maximum of ~3 particles. Considering spherical
cement particles with the measured median diameter of 5 pm and a density of ~2 g cm~3, the total vaporized mass is thus estimated
to ~ 4x 10713 kg. Using the experimental setup coupled with the resuspension protocol described in Section 2.2 and considering the
statistical reliability described in Section 2.4, the average emission spectrum obtained from 8 different acquisitions is presented in
Fig. 6. The [200,800] nm broadband spectrum is shown in Fig. 6(a). The calibration in spectral radiance is ensured by a stabilized
D, arc lamp for [200,400] nm range and by a W ribbon lamp for [400,800] nm range. This spectrum of deuterated cement particles
resuspended in helium exhibits more than 3000 lines. The main identified lines are listed in Table 5. Every single XRF measured
element is observed on LIBS spectrum: those elements are highlighted in blue. The bronze particles used as mechanical mixers for
resuspension are not transported in the aerosol flow since no Cu lines is detected (indicated in red). The main helium (carrier gas)
lines are indicated in orange. A focus on main cement compounds (Ca and O) as well as Cu and He radiative signature is shown on
Fig. 6(b).

The emission of Balmer-« lines is highlighted in green. In order to quantify D as accurately as possible, we limit the number
of free parameters for the simulation. Since then, the mass concentration is fixed to the measured value: (178 + 21) mg m~3. As
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(b) Focus on Cu (mechanical resuspender), Ca (cement component), He (carrier gas) and O (cement component) emission from Fig. 6(a) with associated
fluctuations.

Fig. 6. Experimental emission observed at 7, = 6.5 ps for a deuterated cement laser-induced plasma (Q, =Q, =4 L min~! He).

for alumina, the plasma geometry is considered cylindrical. Since it cannot be determined experimentally, and given the low mass
concentration, the coaxial plasma length is taken as 7, = #, = 4.0 mm. The plasma volume is estimated to be ~ 5 x 107 m3.
Compared to alumina aerosol plasma volume detailed in Section 2.4, this value appears to be slightly lower. This is explained
by the lower mass concentration of resuspended cement particles. The measurements of mass concentration and plasma volume
allow the deduction of the carrier gas quantity (here, ~ 10~® mg of cement particles in the plasma volume). The electron density
is determined from the deconvoluted emission of H, by considering identical Stark broadening for H and D Balmer-« lines. The
measured value is found to be n, = 6 x 102! m~3. This rather low electron density facilitates line identification since it induces
negligible Stark shift for Balmer-a emission (Biischer et al., 2002). The temperature T = 12.55 x 10° K is determined from an
iterative procedure. Compared to the alumina experiments presented in Section 2.4, a higher temperature is measured at longer
plasma observation time. This is mainly explained by the difference in aerosol concentration which is ~10 times lower for cement
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Table 6
CF-LIBS composition determined by the spectral simulations of Fig. 7: x;* stands for mole fraction
within the cement aerosol.

Min simulation

Species He H D O, Na, Mg, Al, Si, P, K, Ca, Ti, Mn, Fe
x; (%o0) 999.68 0.076 0.011

x;* (%) - 29.71 413 Balance (see Table 4)

Mean simulation

Species He H D O, Na, Mg, Al Si, P, K, Ca, Ti, Mn, Fe
x; (%o0) 999.68 0.12 0.032

x;* (%) - 38.54 9.98 Balance (see Table 4)

Max simulation

Species He H D O, Na, Mg, Al, Si, P, K, Ca, Ti, Mn, Fe
x; (%o0) 999.68 0.15 0.049

x;* (%) - 41.49 13.64 Balance (see Table 4)

experiments. In fact, the lower the concentration of the particles, the lower the energy required to vaporize the particles. This leads
to a higher plasma temperature mainly driven by helium breakdown (the presence of particles acts as helium plasma tempering).
Further information about the influence of aerosol concentration over plasma temperature can be found in the works of Asgill et al.
(2015), Dalyander et al. (2008), Diaz and Hahn (2021) and Diwakar et al. (2007). Concerning the plasma composition, the measured
XRF (Table 4) values are coupled with He content considering O as adjusting compound since it not directly measured by XRF. This
procedure allows to use y, and y, as the only variables for the simulation. The detailed comparison between experimental and
simulated spectra is given on Fig. 7. Following a statistical approach, one can observe fluctuations in the particle diameter from one
10-seconds acquisition to the next (corresponding to approximately one vaporized particle; see Fig. 2), as the collected signal may
vary between acquisitions (the blue spectrum corresponds to a smaller particle diameter, whereas the orange spectrum corresponds
to a larger one). Nevertheless, the spectral radiance ratio associated with D and H emission remains unaffected by these particle-size
fluctuations. This behavior can be explained by the homogeneous deuterium concentration within the bulk deuterated cement prior
to powder preparation. As a consequence, three different simulations are proposed to reconstruct the minimum (long red dashed
line), the maximum (short red dashed line), and the mean (solid red) observed signals. The values obtained from the simulations
(CF-LIBS measurements) are given in Table 6.

The spectroscopic analysis is particularly demanding regarding the numerous elements considered in the plasma. Among the
main lines which may interfere with the Balmer-a emission, we notice the transition Si I 656.05 nm (experimentally and numerically
not observed in our conditions). Likewise, many Fe, Ti and Ca lines are listed in spectroscopic database but are not observed in
our conditions. Among these numerous lines, Fe I 656.92 nm and Ca I 657.28 nm appear to be the strongest expected lines. The
lack of Stark broadening parameters for these two lines may explain the simulation poor quality on the range [656.35,656.60] nm.
Nevertheless, the envelope is generally well described given the very small quantities involved. For the mean simulation, the mole
fractions within the plasma volume are xp, ~ 30 ppm and xy ~ 3xp. This corresponds to an averaged deuterium vaporized mass of
the order of my, ~ 1074 kg. It is therefore possible to derive an estimation of the corresponding activity of tritium by calculating
the mass activity of tritium a;, using its molar mass My = 3.016 x 10~ kg mol~!, its specific activity a; = 1.9 x 10~° Bq atom™!
and the Avogadro number N, = 6.022 x 10?* mol~1:

arm=TNA 4% 10" Bq kg™! ®)
o MT
This equivalent mass in tritium would thus correspond to an activity of ay ,,mp ~ 4x10* Bq. In order to better understand the quantity
necessary for the observation and quantification of D, it is interesting to only consider the elements of the cement constituting the
plasma (exponent *), thus excluding the carrier gas. Considering the mean simulation, we deduce the mole and mass fractions
of deuterium in the cement aerosol xp* = 0.0998 and yp* = 0.0150, respectively. The minimum and maximum values lead to an
averaged absolute deviation from mean simulation of ~ 15% and ~ 47% for xy* and xp*, respectively. This difference in precision
is explained by the low quality signal-to-base ratio and the line overlapping of D, emission. The ratio D/H varies from ~ 0.14 to
~ 0.33 with a mean value of ~ 0.26 meaning that the ratio is stable as long as the signal allows a quantification. This value is < 1
(although the cement is mixed with deuterated water). This is explained by the hydrogen initial content into the cement powder
(before mixing) and the particles air exposition before resuspension and LIBS analysis. More generally, the tritium inventory of all
the powders handled (0.8 g) would thus be estimated to ~ 5 x 10!> Bq for the mean simulation. This value appears to be way above
the regulatory limit for unsealed radioactive source of tritium set to 1 GBq g~! in France.

We summarize the main characteristics of the experimental campaign described in this paper in Table 7.
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Fig. 7. Spectral radiance around H,. The average experimental signal at 1, =065 ps for the laser-induced plasma (Q, = Q, = 4L min~! He) on

deuterated cement particles is represented by the solid black line. The corresponding standard deviation is highlighted in gray. The simulated
spectra are represented in red: minimal, mean and maximal quantification are represented by long dash, solid and short dash, respectively. The
corresponding D/H atomic ratio appears to be stable around ~ 0.3.

4. Summary and conclusions

Table 7

Summary of CF-LIBS Analysis of D,0 Cement Aerosol. The digits are not
indicative of the measurement precision and are provided for guidance

only.

D,0 Cement
0, = 0, = 4L min! He

LIBS campaign date
Sample mass (g)
¢, (Wm2)

F, (J cm™2)

7, (ps)

Temporal gate (ns)
Accumulations
Carrier gas

XHe

v, (m3)

n, (m=3)

T (K)

p (Pa)

01/2025
0.8

10]7

10*

6.5

100

100

He a-gaz 2
0.9996799
452x107°
6.0 x 10%!
12550

1.7 x 100

Ly, Wm=2 sr7! m™)

XH

Ly, (W m2 sr! m1)

XD

xp*

"

my, (in plasma, kg)

T-equivalent activity for m;, (Bq)
T-equivalent activity for sample (Bq)

Mean spectrum
6.95 % 10"
0.0001234

251 % 10"
0.0000319
0.0997587
0.0149886

~ 10—14

44 x10°

43 x 10"

This work demonstrates the feasibility of detecting hydrogen isotopes embedded in complex aerosol particles using calibration-
free LIBS under conditions representative of nuclear decommissioning scenarios. A dedicated experimental platform was developed
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to address the intrinsic challenges of aerosol LIBS, including low particle sampling rates, matrix complexity, and stringent plasma
conditions required for hydrogen excitation. The robustness of the approach was validated through a reproducible resuspension
protocol and consistent spectroscopic behavior, first established on alumina aerosols and subsequently applied to cement particles.

Using deuterium as a non-radioactive surrogate, we report the successful detection and quantification of isotopic signatures
in airborne cement dust generated under realistic cutting conditions. Despite extremely low sampled masses, corresponding to
only a few particles vaporized per acquisition, the deuterium signal could be reliably identified and modeled. The consistency
between experimental spectra and CF-LIBS simulations confirms the ability to extract quantitative isotopic information in a regime
dominated by discrete particle sampling and low signal-to-background ratios. In particular, the stability of the D/H ratio highlights
the robustness of the method against spectral interferences and statistical fluctuations.

These results constitute a significant step towards the direct, in situ characterization of tritiated aerosols. They demonstrate
that CF-LIBS can overcome key limitations traditionally associated with hydrogen isotope detection in complex and dilute systems.
Beyond the proof of feasibility, this study establishes a methodological framework for real-time isotopic analysis of radioactive
aerosols, opening perspectives for applications in nuclear safety, environmental monitoring, and future fusion facilities.

Future work should aim to improve the method’s sensitivity by restricting the analysis to spectra acquired from laser-vaporized
particles and by increasing the particle concentration within the LIBS interaction zone through the use of an aerosol concentrator,
such as a virtual impactor. In addition, the results reported here should be further validated by investigating a wider range of D/H
cement ratios and by comparing CF-LIBS quantifications with measurements obtained from complementary analytical techniques,
such as thermal desorption mass spectrometry.
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