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Context

In the solar system, most chemical elements exhibit isotopic "anomalies" at all scales, from nanometer-size grains in meteorites to bulk meteorites and planets (e.g. Zinner, 2003; Davis, 2011; Moynier and Fegley, 2015; Dauphas and Schauble, 2016). Over the last 50 years, these "anomalies" have been identified either (i) in volatile elements for which the isotopic variations exceed those usually observed or predicted theoretically as for (H, C, N) in meteoritic organics or (ii) in most other chemical elements (rare gases, O, Ti, Cr, Sr, Ni, Ru, Mo, …) whose isotopic compositions do not follow the mass-dependent fractionation (MDF) law. Note that isotopic variations due to radioactivity are not considered here. 

MDF can be considered as “the rule” in most geochemical and cosmochemical processes where reactions take place between gases, liquids and solids. MDF arises from the fact that chemical reactions between isotopically substituted molecules have their equilibrium constant or kinetics governed by the bonding energies of the reactants, energies which are scaled by the masses of the isotopes participating to the chemical bond (Urey, 1947; Bigeleisen, 1949; Young et al., 2002; Dauphas and Schauble, 2016). In the case of oxygen (16O,17O,18O) for instance, the MDF law implies that during any reaction involving O-bearing molecules a 1% variation in the 17O/16O abundance ratio of a reactant is accompanied by ≈2% variation of its 18O/16O ratio, because the mass difference between 18O and 16O is ≈ twice that between 17O and 16O. 

The “canonical scenario” for the origin of isotopic anomalies in the solar system considers that all isotopic anomalies have a nuclear origin, i. e. result from stellar nucleosynthesis, and were present in the solar system parent molecular cloud under the form of specific grains condensed in previous generations of stars. However, this “canonical scenario” might be wrong or incomplete: some of the so-called isotopic anomalies might result from non-MDF (or MIF for mass independent fractionation) chemical reactions.
The possible role of chemical reactions in the production of MIF involving highly reactive radicals has in fact been enlightened by a few experiments. (i) MIF 16O enrichments by up to ≈ 50‰ have been found in ozone generated from an electric discharge in molecular oxygen (Thiemens and Heidenreich, 1983). (ii) More recently, small but significant MIF effects (several ‰) have been observed for O during the condensation of SiO2 from a gaseous mixture of SiO and O2 (Chakraborty et al., 2013). This result suggests that the production of MIF for oxygen isotopes is not restricted to the specific reaction forming ozone. However, O2 was not present in the protosolar nebula (PSN) and, thus, these experimental results cannot be extrapolated to the PSN. (iii) We have succeeded in producing MIFs for Ti isotopes in a system analog to the PSN in which Ti-oxides are condensed from a titanium gaseous compound: condensation of organic Ti-rich grains from a TiCl4-C5H12 plasma (Robert et al., 2020). The studied reaction between TiCl4 and C5H12 stands for a possible proxy of Ti oxidation reactions at high temperature as expected in the PSN or in stellar envelopes (Lodders, 2002). Large MIFs (hundreds of ‰ in d46,47,49,50Ti values for bulk grains) were found in the organic Ti-rich grains presumably condensed in the gas phase.

Objective of the PhD

The objective of this PhD is to explore by experiments, that mimic gas-solid reactions in the early solar system, a new scenario for the origin of some of the isotopic variations known in the components of primitive meteorites to depart from the MDF law.
The major difficulty of this project is experimental. Experiments investigating MIFs during chemical reactions in plasmas in conditions corresponding to that of PSN are difficult to carry out because they must take place at high-temperatures (1500-2000 K) and low pressures (10-3–10-4 atm) and must generate sufficient amounts of condensates to be analyzed precisely for their isotopic compositions. These difficulties will be overcome by developing a dedicated experimental chamber using knowhow and past experience from plasma physics.
Environment of the PhD 

The PhD work will be part of an ANR funded research program (ANR MIFs 2020-2025, PI Marc Chaussidon) that includes IPGP (Cage team), the Muséum National d’Histoire Naturelle IMPMC UMR-7590 Sorbonne Université, the LSPM (Laboratoire de Sciences des Procédés et des Matériaux) UPR-3407 CNRS-INSIS Univ. Sorbonne Paris Nord Villetaneuse, and the LCT (Laboratoire de chimie théorique) UMR-7616 Sorbonne Université. This consortium of laboratories will allow the PhD to have access to all the experimental and analytical facilities required for the experiments and contacts with theoreticians for interpretations and simulations.

Tasks of the PhD 
Experiments will be conducted in a plasma reactor (at LSPM) in order to maximize (i) the amount of charged species (metals and oxygen) in the plasma, (ii) their probability to react and undergo isotopic exchanges and (iii) their efficient removal from the plasma as various forms of condensates (e.g. mixed compounds of metal oxides and organics). This reactor allows to do reactive sputtering of various solid metal sources under fluxes of different feed gas mixtures (in which dust can be added to enhance possible reactions at grain surfaces) to produce metal complexes in the plasma and to retrieve condensates from this plasma.
A combination of microbeam techniques and bulk techniques on microsamples will be used. Microscopic studies (SEM, TEM and FEG techniques at LSPM, IPGP and IMPMC) will be carried out to identify the chemical and mineralogical compositions of the condensates. Isotopic analyses will be performed either (i) using a high spatial resolution (nm to µm scale) with Nanosims multi-collector ion microprobes (at MNHN and University of Manchester) to be able to determine the complexity of MIFs at the scale of their carriers formed in the plasma, or (ii) with multi-collector inductively-coupled plasma mass-spectrometry after chemical purification by wet techniques or simply after laser ablation (MC-ICP-MS, LA-MC-ICP-MS at IPGP Paris) on ng to mg of sample. The large radius multi-collector ion microprobes (ims 1280 series) in CRPG-CNRS Nancy will also be used for analyzing (i) grains (or aggregates of grains) of intermediate size (tens of µm range) and (ii) surface coatings on grains or collectors using the approach of depth profiling. The combination of these techniques will produce a precise isotopic characterization of the samples at various scales.

These experiments will be interpreted in a theoretical framework. The MIFs produced will be compared with isotopic data in meteorites and very specific samples such as fallouts from nuclear explosions (either data from the literature or key new data to be acquired) and integrated into astrophysical simulations to advance our understanding of the formation and early evolution of the solar system. 

Expected schedule and risk mitigation
The first year of the PhD will be dedicated to the first experiments that will probably be made in a system with water vapor and Tix-Oy complexes in order to look for MIFs for O and Ti. Depending on the first results the experiments will be modified either by changing the conditions (neutral density, temperature, grains number, microwaves frequency, number of electrons, energy available for dissociation) or the composition of the reactants.
Note that these experiments, even if MIFs are not found in each of them, will be unique since they will be the first of their type to simulate condensation at high temperature in the real conditions of the PSN. This, in itself, will be very innovative for reconstructing the first Myrs of the accretion disk, and will thus mitigate risks associated to the unknown magnitude of MIFs in the experiments. 
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