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This paper focuses on laser-induced breakdown spectroscopy (LIBS) as an off-gas sensor and details a conceptual irradiation experiment to evaluate its performance in an environment that is more realistic of an operational molten salt reactor (MSR). MSRs are a promising advanced nuclear design that use high-temperature liquid salts as the coolant, fuel, or a combination of both. They will generate and subsequently evolve fission products into the reactor headspace during operation. These evolved fission products will necessitate an online off-gas system to treat the reactor cover gas before recycling it to the core. Such a system, especially during the early deployment phase, will benefit from online sensors to inform operators of the treatment system’s performance. Optical spectroscopy is well-suited to fit this task as it can be remotely deployed using fiber-optics and can detect most species at high frequencies. LIBS can detect nearly every element on the Periodic Table, stable or radioactive, making it an ideal candidate. The provided conceptual experiment discusses the facility requirements, salt capsule design, and detailed testing campaigns with corresponding simulated LIBS spectra.
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1 INTRODUCTION
Advanced nuclear reactor concepts continue to be pursued globally as a next-generation source of clean energy. One of these advanced reactor concepts is the molten salt reactor (MSR), which uses fluoride or chloride molten salts as either the coolant or the coolant and fuel (Serp et al., 2014). These reactors have the potential for high thermodynamic efficiency as they are typically designed to operate at several hundred degrees (i.e., 650°C) and low pressures, such as less than 1 bar above atmosphere (Serp et al., 2014; Forsberg, 2020). Because the primary circuit fluids have low volatility, the potential for a catastrophic accident involving pressure is very unlikely. The goal for operating these reactors is to have “walk away” safety. However, MSRs present challenges in terms of the chemistry of the salt and the configuration of the fuel, particularly in the case of salt-fueled reactors. Investigation of phenomena affecting the chemistry and speciation of fission products relevant to MSRs in the presence of a radiation field is critical for licensing. One of the goals of understanding fission product behavior is to develop online instrumentation to determine the chemistry of the fission products, which will inform their transport, deposition, and in some cases, the redox state of the salt in the core.
Molten salt–fueled reactors will evolve fission gas during burnup. The release of these radionuclides to the headspace of a reactor will require continuous monitoring and inventory control (Andrews et al., 2021a). Although many fission products are expected to be highly soluble in the salt (e.g., lanthanides), fission gases such as xenon and krypton will readily escape the salt. Reactive gases, such as hydrofluoric and hydrochloric acids, may accumulate in the headspace as a result of radiolysis. Interhalogens that include fission product iodine may also have significant volatility. Tritium can form from activation of 6Li in LiF–BeF2 carrier salt.
A conceptual off-gas system has been proposed with various treatment components to properly remove radioactive species, reactive gases, and the thermal load to recycle the gas back into the reactor headspace (Riley et al., 2019; Andrews et al., 2021a). However, the further development of this system’s design relies on two key capabilities: first, robust sensors that can measure many stable and radioactive elements, and second, the ability to model the gases and particles being removed from the headspace of an MSR so components can be designed appropriately.
For the first capability, optical spectroscopy has been proposed as a strategy for remotely monitoring an off-gas system (Hughey et al., 2020; Andrews et al., 2021b; Felmy et al., 2021; Andrews et al., 2022a; Andrews and Myhre, 2022). There are multiple forms of optical spectroscopy that, when coupled, can provide a molecular, elemental, and isotopic fingerprint in real time. Another benefit of optical spectroscopy is the ability to be deployed remotely using fiber optics. Sensitive equipment (i.e., spectrometer, laser, and computers) can be housed in a shielded location. The laser or light source is delivered through a fiber-optic cable to the sample, and the optical response is collected, focused, and returned to the spectrometer via a different fiber.
The second capability, accurate species evolution modeling, requires a fundamental understanding the release of species from the salt. Experiments on salt species volatility and gas solubility have been performed in recent years, but there is a significant lapse in the reported literature when it comes to irradiated salts where radiolysis may influence behavior (Moon et al., 2022).
We present an early-stage concept for an irradiation experiment to test spectroscopic off-gas sensors. These sensors would be used to perform exploratory studies, such as the detection of select gaseous fission products under irradiation conditions from representative molten salts. The focus of this paper is laser-induced breakdown spectroscopy (LIBS), though sensors based on other optical spectroscopy techniques, such as Raman and laser-induced fluorescence, could also be tested using the irradiation experimental capability described here. To study the release characteristics, a LIBS sensor will be installed inline to monitor the elemental composition of released gases, vapors, and aerosols. The LIBS sensor has been demonstrated on fission product relevant aerosols and noble gases in an idealized system; however, it has not yet been tested on irradiated salts to assess the effects of radiolysis on the equipment or analysis (Andrews et al., 2022a; Andrews and Myhre, 2022).
In this study, both an experimental plan and the corresponding anticipated spectral signatures of various species are provided. The experimental plan includes information on the salt capsule to be irradiated and the configuration of the LIBS sensor to be evaluated. The anticipated spectral signatures were produced using Saha-Boltzmann calculations to compare relative intensities and wavelengths of species anticipated to be measured during specific experiments. Key challenges and gaps in existing spectral databases are discussed as well.
2 METHODOLOGY
The information provided in this study is the result of simulations and conceptual designs with the goal of guiding proposed experiments. From the conceptual salt cell design, several different experiments are recommended. For each of these experiments, artificial spectra were produced for the species anticipated to be released and detected by the LIBS system in order to evaluate their spectral signatures with respect to one another. These artificial spectra were generated using atomic spectral properties, along with Saha-Boltzmann methods, assuming that the spectra would be measured while the plasma was in a state of local thermodynamic equilibrium (LTE).
During LTE, the intensity of an emission peak emitted during the transition from an upper to a lower energy level can be described using Eq. 1
[image: image]
where [image: image] is the integral intensity of an emission peak from energy level n to m, F is an instrument efficiency, Cs is the concentration of the ion in the plasma, Anm is the transition probability, gn is the statistical degeneracy of upper energy level n, En is the energy of the upper level of the transition, T is the plasma temperature, and Us(T) is the partition function of ion s at temperature T (Andrews et al., 2022b). In LIBS plasmas only neutral and singly ionized species are typical. In an LTE plasma, the ratios of neutral and ionized species are dependent upon the plasma temperature, the electron density of the plasma, and the species’ ionization energies. This relation is captured in the Saha equation (Eq. 2):
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where Ne is the electron density of the plasma, Eionization is the ionization energy, and s1 and s2 refer to the neutral and singly ionized species, respectively (de Oliveira Borges et al., 2018). Eqs. 1, 2 can be used together to generate the emission intensities of all transitions for a given element if the transition properties are known. For further information on LIBS plasma transitions the reader is referred elsewhere (Cremers and Radziemski, 2013). In this study, the plasma temperature and electron density were held constant at typical LIBS levels of 1 eV and 1017 cm−3, respectively unless otherwise specified. All artificial spectra shown represent pure emission profiles (i.e., CS1 and CS2 sum to unity) and are normalized to their maximum emission intensity. The artificial spectra in this study were generated using an in house Python script based on the fundamental equations above.
3 DESIGN CONCEPT CONSIDERATIONS
The proposed irradiation experiment would be performed in a national laboratory or university research reactor. The experiment would require a sample well of sufficient size to fit a furnace or cartridge heaters for the salt capsule to be heated above the salt meting point (e.g., 650°C). In addition to the heating requirements, an outer container used to seal the salt capsule itself within a vacuum or inert atmosphere to mitigate leaking issues. An example illustration of a salt cartridge is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Example schematic of salt test capsule with (1) sparge gas line to bubble gases through salt, (2) cover gas line to sweep salt gas interface, (3) gas outlet to send stream to inline measurement systems, (4) fluoride/chloride molten salt, (5) capsule headspace, and (6) potential corrosion coupons or graphite samples.
The temperature-controlled vessel would have lines into the cell for both a cover gas and sparge gas. These lines would be valved to perform tests where the salt cartridge is sealed, tests where the cartridge is intermittently vented, and continuous flow tests. When operating in a cover gas configuration the applied gas would be He or Ar. When testing in the cover gas configuration, the gas would only purge the headspace above the salt. When operating in a sparge gas configuration, the applied gas would either be pure He or Ar, or it may have trace amounts of Xe and Kr gases. The sparge gas tests would involve bubbling the gases through the salt. These cover and sparge gas tests would require a manifold of mass flow controllers to permit specific mixtures and flow rates to be applied to the sample.
In both continuous flow and vented tests, the salt cartridge outlet would direct gas out of the reactor channel to a sensor test bed. The sensor test bed would be located in a shielded area but would rely on the remote deployment capabilities of the proposed techniques. LIBS would be deployed using fiber optics. There have been many studies in the last decade developing reliable fiber-optic–LIBS (FO-LIBS) systems to leverage the technique in hazardous areas or areas with limited space (Fobar et al., 2018; Xiao et al., 2018; Nakanishi et al., 2020). Many of the successful studies have found that using the natural harmonic (1,064 nm) of the Nd:YAG laser permits better launching of the laser pulse into the fiber. Typically, larger core silica fibers (∼1,000 µm) or hollow-core fibers have been used with success (Rajavelu et al., 2022). On the sample end of the fiber, a simple two lens system would be used; the first lens would collimate the laser pulse from the fiber and then the second would focus it into the gas line to form the LIBS plasma. The emitted plasma light would be collected with lenses into a secondary fiber and routed to a spectrometer for measurement. Previous studies have shown that there is little effect to the LIBS signal from changes in flow rate causing misalignment of the collimating optics (Andrews and McFarlane, 2021). The use of a second fiber for light collection mitigates issues associated with internal laser damage to the fiber interfering with the light collection efficiencies.
LIBS requires a line of sight to the sampling point; however, a fraction of aerosols in the carrier gas would plate out on windows, degrading the optical system over time. Previous work has demonstrated the use of a sheath gas across the measurement region to protect optical lenses and windows (Andrews and Myhre, 2022). However, given the size of the proposed test system, a simple sudden expansion across the sampling area may suffice to prevent any aerosol particles from spreading within the region of concern (Williams, 2016). This would also remove the need for another continuous flow of gas. Lastly, the gas stream would then be passed through a series of treatment systems to remove any hazardous species before venting through the facility exhaust. An example schematic of the sampling setup is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Example sensor test bed with a FO-LIBS setup being used to measure the flow across a sudden expansion. Fiber optics are used to prevent damage to sensitive equipment, such as the laser head and electronics.
4 CONDITIONS FOR SENSOR DEVELOPMENT
The primary purpose of the conceptualized irradiation system is to provide a platform for producing conditions relevant for the development and testing of MSR off-gas sensors based on optical spectroscopy techniques. Four salt conditions will be possible using the irradiation system. These are (a) static liquid and static cover gas, (b) static liquid and flowing cover gas, (c) agitated liquid and flowing cover gas, and (d) agitated liquid and static cover gas. Testing condition (a) would be of interest to evaluate how salt species evolve from the salt passively under irradiation. The capsule would be closed during most of the test but would be vented occasionally to send the gas from the capsule headspace to the sensors. This would be representative of an MSR with a loss of flow. Testing conditions (b) and (c) seek to be more representative of an operating MSR where the cover gas is swept across the headspace to remove volatiles and when the salt is sparged with a gas to intentionally drive species into the headspace as a method of salt composition maintenance. In both these testing conditions, the capsule will constantly be sending a gas stream to the sensors. Lastly, testing condition (d) replicates a scenario where the off-gas system is static during reactor operation and all evolved species will remain in the core, or in this case capsule. Like in condition (a) the capsule headspace will be vented periodically for the sensors to test the headspace composition.
The myriad of MSR designs being pursued today offer an array of scenarios involving combinations of flowing or static molten salts as well as liquid or solid fuels. Various compositions for molten salt coolants and fuels include chlorides and fluorides. In all cases, questions arise related to what gaseous and aerosolized species will find themselves in the headspace. The development of sensors able to adequately answer those questions while salts are undergoing irradiation is critical. Note, the below experimental campaigns are aimed at being generally applicable and not specific to any single MSR design or even type. Instead, they are illustrative of the possible experiments with the conceptualized irradiation system for testing optical spectroscopy sensors. Future evolutions of the system concept would be designed to produce conditions (e.g., salt flow, cover gas flow, material interfaces, salt-surface-to-cover-gas ratio) that more closely replicate those expected in a specific reactor design.
The following subsections detail general sensing needs for MSR off-gas sensors that LIBS could address. Gaps in the research needed to progress these sensors are discussed.
4.1 Salt vapors and aerosols
Coolant and fuel salts will produce various levels vapors and aerosols that may be greatly increased based on the salt and cover gas conditions. Online sensors should be able to detect the primary constituents of fluoride- and chloride-based coolant and fuel salts. Common F salt nonfuel constituents may include F, Li, K, Na, and Be. Common chloride salt nonfuel constituents include Cl, Na, and Mg.
Figure 3 shows the expected LIBS emission profiles of these salt species, along with Ar and He as carrier gases. These spectra were generated using Saha–Boltzmann relations for a plasma in local thermodynamic equilibrium at a plasma temperature of 1 eV and an electron density of 1017 cm−3. These artificial spectra match well with our previous experimental work analyzing metal and graphite materials exposed to coolant salts with constituents (Keiser et al., 2022; Myhre et al., 2022). While the artificial spectra are useful for peak identification and experimental planning, they rely on reported transition probabilities which are lacking for some species (Andrews et al., 2022b). Thus, there are peaks not shown in the artificial spectra, which would be available for quantification in experimental spectra. As shown in Figure 3, each species has several unique emission lines across the ultra violet–visible–near infrared (UV-VIS-NIR) spectrum. LIBS has the benefit of emission peak surplus to better cope with highly complex spectra.
[image: Figure 3]FIGURE 3 | Fluoride- and chloride-salt species’ and carrier gas candidates’ LIBS emission profiles compared at a plasma temperature of 1 eV and electron number of 1017 cm−3. The spectral intensities have been normalized (0–1) to their maximum intensity for comparison purposes.
Figure 4 shows the relative intensities of the salt species’ most intense emission peaks as the plasma temperature is varied from 0 to 2 eV, while the electron density is held constant at 1017 cm−3. Typical LIBS plasmas vary between 0.5 and 1 eV, but the effective plasma temperature can be increased intentionally by raising the laser fluence and may act as a method to increase sensitivity to specific species. Further, analysis of spectra taken of plasmas with different effective temperatures could allow for enhanced deconvolution of overlapping spectral signals with nonlinear intensity dependencies on plasma temperature (see Figure 4) (Li et al., 2014).
[image: Figure 4]FIGURE 4 | Fluoride- and chloride-salt species’ and carrier gas candidates’ LIBS emission intensities versus plasma temperature (constant electron density = 1017 cm−3). The most intense emission peaks were selected for this comparison: F I 685.6 nm, Li I 670.7 nm, K I 766.7 nm, Na I 589.2 nm, Be II 313.2 nm, Cl I 837.8 nm, Mg II 279.6 nm, Ar I 811.8 nm, and He I 587.7 nm. The spectral intensities have been normalized (0–1) to their maximum intensity for comparison purposes.
Fuel materials may be U, Th, and Pu. The detection of these species in the off-gas could be indicative of the reactor salt conditions and would be essential for monitoring nuclear material inventory. LIBS has previously been demonstrated for the detection of these elements, and with high-resolution spectrometers, even the isotopic compositions may be determined (Cremers et al., 2012; Doucet et al., 2011; Chan et al., 2021). These fuel species have thousands of emission peaks in the 200–1,000 nm wavelength region and offer examples of the peak surplus benefit becoming a complication. Research studies to detect and model all relevant salt species in the presence of fuel species is needed. Transition probabilities for these species are either highly limited or completely unavailable, making artificial spectra impossible to produce. Future studies like those reported by Irvine et al. (2022) and Andrews et al. (2022b) will be needed to determine these fundamental properties.
4.2 Noble gas fission products
Noble fission gasses are expected to have the lowest salt retention of fission products and build up in the headspace of the reactor. Xenon and krypton are of primary concern because they could significantly contribute to the overall need for off-gas processing. Their isotopes also have high neutron absorption cross sections and can significantly affect the reactivity in the reactor core. Thus, assuming that the noble gases are instantaneously released may not be conservative in reactor safety analysis. Changes in the distribution Xe and Kr between the salt and cover gas is therefore important to monitor in real time. The conceptualized system would allow for irradiation of both fueled and coolant salts. In the former Xe and Kr may be generated from fission, but in the latter, the sparge gas can be doped with Xe and Kr to investigate gas solubility in the salts. In both cases, the measurement of Xe and Kr in the cover gas would be of interest.
Figure 5 shows the expected LIBS emission profiles for Xe and Kr alongside the candidate cover gases of He and Ar, as calculated using Saha–Boltzmann relations. Most gaseous elements have transitions in the NIR region of the spectrum with more diffuse signatures, making their simultaneous detection a simpler task. Previous work has demonstrated LIBS can quantitatively measure Xe and Kr in real time and in the presence of other gases and aerosols (Andrews et al., 2022a).
[image: Figure 5]FIGURE 5 | Calculated emission spectra of Kr, Xe, He, and Ar at a plasma temperature of 1 eV and electron number of 1017 cm−3. The spectral intensities have been normalized (0–1) to their maximum intensity for comparison purposes.
4.3 Corrosion products and salt impurities
The introduction of contaminants to coolant and fuel salts from material corrosion and mechanical wear is a major concern for MSRs. The conceptualized salt capsule may be loaded with material coupons—structural alloys, nuclear-grade graphite, and coated salt-facing materials. During corrosion, there is an exchange between salt species and the degraded material that results in salt penetration into the coupons and corrosion species entering the salt. These corrosion and salt impurity species (i.e., H, O, C, Si, Cr, Fe, Ni, Al, Mo, and the noble gases) may be generated in the salt or introduced by gas sparging. The detection of these species by spectroscopy sensors would be indicative another way the off-gas sensors can monitor the health of the reactor. If these species do not evolve, the test provides a neutron irradiated corrosion test that has only been rarely performed (Ezell et al., 2021).
The spectra of previously mentioned corrosion species calculated at a plasma temperature of 1 eV and an electron density of 1017 cm−3 are shown in Figure 6. The spectra show that metal and metalloid species have emission signatures largely in the UV-VIS region of the spectrum. These species typically have 10–20 strong emission peaks. Multivariate modeling can leverage these strong and also weaker peaks to individually quantify each species (Andrews et al., 2022a). The Balmer series Hα line at 656 nm is the largest emission peak for H. It is commonly used in LIBS research to estimate the plasma electron density by evaluating its Stark broadening (de Oliveira Borges et al., 2018). This may be used in models to better identify species’ signatures using Saha–Boltzmann calculations, such as those used to produce spectra in this paper.
[image: Figure 6]FIGURE 6 | Selected corrosion species’ LIBS emission profiles compared at a plasma temperature of 1 eV and electron number of 1017 cm−3. The spectral intensities have been normalized (0–1) to their maximum intensity for comparison purposes.
5 SUMMARY AND IMPACT
This paper presents an early-stage concept for an irradiation experiment capability with the primary purpose of developing optical spectroscopy sensors for analyzing cover gases relevant to MSRs. LIBS has been focused on as the sensor to be developed with such a system, though other optical spectroscopy sensors could also be developed. The concept has been designed to accommodate a range of reactor conditions with varying combinations of static or dynamic salt and cover gases. Approximate signals expected from LIBS measurements of aerosolized salts, fission products, and common impurities have been calculated to illustrate detectability for elements of major interest to the MSR community. These elements include coolant and fuel salt constituents, impurities, and gaseous fission products. Aerosolized coolant and fuel salts generated by turbulent flow through the reactor primary circuit could provide the opportunity to monitor the composition of the salts. An in-depth understanding of how representative the aerosolized salts are of the bulk liquid salt and the effect of constituent volatility on the aerosol stoichiometry would be necessary to unlock this potential. This study serves as a starting point for future experimental work. The potential challenges of convoluted emissions, lack of reported transition probabilities, and LIBS signal stability over time will need to be explored as these experiments are performed.
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